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THE MICRODETERMINATION OF SERINE AND ETHANOL- 
AMINE IN PHOSPHOLIPIDE HYDROLYSATES* 


By CHESTER F. BURMASTER 


(From the Department of Biochemistry and Pharmacology, School of Medicine and 
Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication, March 28, 1946) 


During an investigation (1) of the reactions of periodic acid with the 
water-soluble products of cephalin hydrolysis, a quantitative reaction of 
this reagent with ethanolamine was discovered. Titration by the arsenite 
method of Fleury and Paris (2) showed that 1 mole of periodate was re- 
duced per mole of ethanolamine. It was found that, after the addition of 
dilute sodium hydroxide solution, 1 mole of ammonia could be recovered by 
distillation from the products of the reaction. The discovery, by Folch 
and Schneider (3), of a serine phospholipide in brain cephalin limited the 
use of this reaction for the determination of ethanolamine in phospholipides, 
since Nicolet and Shinn (4) had previously described the formation of am- 
monia by the reaction of periodate with serine. It was evident that, for 
cephalin hydrolysates containing serine and ethanolamine, the ammonia 
produced by the reaction of periodate measured both of these amino com- 
pounds. Other constituents of phospholipide hydrolysates, namely inositol 
and a-glycerophosphate, although they react with periodic acid (2, 5), 
do not interfere, since only compounds having a hydroxyl group and an 
amino group on adjacent carbon atoms produce ammonia. 

A method with the microdiffusion technique described by Conway (6) 
was developed for measuring the ammonia formed by the action of periodate 
on serine and ethanolamine. The serine nitrogen was separately deter- 
mined by the method of Van Slyke and Dillon (7) in which the carbon 
dioxide formed by the reaction of an a-amino acid (such as serine) with 
ninhydrin is measured. When the periodate nitrogen value of a phospho- 
lipide hydrolysate is corrected for the carboxyl nitrogen, the difference 
measures the ethanolamine nitrogen. 


Method 


Apparatus—The microdiffusion cells were constructed according to the 
directions of Bandemer and Schaible (8) from 50 mm. and 100 mm. Petri 
dishes. The small dishes were cemented in the center of the large dishes 


~~ 

7} (s The data in this paper are taken from a thesis submitted to the Graduate School 
of the University of Rochester in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy. A preliminary report of these data has appeared (1). 
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2 SERINE-ETHANOLAMINE DETERMINATION 


with paraffin. Square pieces of photographic glass, ground or one side 
with No. 300 carborundum powder and then greased with vaseline, served 
as covers for the larger dishes. 

Reagents— 

0.005 n hydrochloric acid containing a few drops of mixed indicator (0.08 
gm. of methyl red and 0.02 gm. of methylene blue dissolved in 100 ce. 
of 1:1 aleohol-water solution and adjusted to a neutral gray color with 
0.005 N sodium hydroxide). 

0.005 N sodium hydroxide, carbonate-free. 

0.05 m periodic acid. 11.4 gm. of HsIO, from the G. Frederick Smith 
Chemical Company, Columbus, Ohio, in 1 liter of water. 

Saturated potassium metaborate solution. 61.9 gm. of boric acid and 
56.1 gm. of potassium hydroxide were ground together in a mortar, then 
carefully dissolved in 120 cc. of water. 

Procedure—Introduce 1 to 5 cc. of 0.005 N acid by pipette or micro 
burette into the central chamber of the diffusion cell and 1 to 5 cc. of the 
water-soluble extract from an acid hydrolysate of phospholipide into the 
outer chamber. This sample should contain 0.05 to 0.3 mg. of total serine 
and ethanolamine nitrogen. Add 1 to 5 cc. of saturated potassium meta- 
borate solution to the sample and mix by rocking the cell. Place the cover 
on the cell, sliding it so as to cover all but a small portion of the outer cham- 
ber. Pipette 1 cc. of 0.05 m periodic acid through this small opening and 
quickly slide the cover shut. Mix the contents of the outer chamber by ro- 
tation and allow diffusion to proceed at room temperature overnight. 
Titrate the standard acid remaining in the central chamber to a neutral 
gray color with 0.005 N base. Carry out a similar procedure, without the 
use of periodate, on a sample of the same size, to serve as a blank on the 
reagents and on any ammonium salts in the hydrolysate. The difference 
between the sample and the blank gives a measure of the serine + ethanol- 
amine nitrogen. If desired, the serine nitrogen may be determined on 
another sample by the ninhydrin procedure (7) and the ethanolamine 
nitrogen obtained by difference. 

Calculation—1 cc. of 0.005 N base = 0.070 mg. of periodate N. 


EXPERIMENTAL 


Stability of Ammonia in Periodate Solutions—1 cc. samples of a standard 
ammonium sulfate solution containing 0.022 mg. of nitrogen per cc. were 
treated with (a) 5 cc. of saturated potassium hydroxide; (b) 1 cc. of 10 N 
sulfuric acid and 5 cc. of saturated potassium hydroxide; (c) 1 ec. of 10 N 
sulfuric acid, 5 cc. of saturated potassium hydroxide, and 1 cc. of 0.05 m 
potassium periodate; and (d) 1 cc. of 10 N sulfuric acid, 1 cc. of 0.05 m po- 
tassium periodate, and after 15 minutes 5 cc. of saturated potassium hy- 
droxide. Theoretical amounts of ammonia were recovered in all but the 
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last case, in which the recovery was low. These results indicated partial 
destruction of ammonia by warm acid periodate but none by warm alkaline 
periodate. It is possible that, on mixing acid and base, some parts of the 
acid solution become heated momentarily before being neutralized by the 
alkali. 

Effect of Use of Various Alkalies to Free Periodate Ammonia—Table I 
shows the recovery of ammonia obtained when saturated solutions of po- 


TaBLeE I 
Microdiffusion of Ammonia from Reaction of Periodate with Ethanolamine and Serine 

















Ethan- : ; . : : | Ammonia recovered, 
Ghamine Bann wit wan win dimmu | “—_" 
| 
mg. meg. meg. per cent 
0.262 5 ec. saturated potassium hydroxide, 1 ec. 0.05 m | 0.00 0.0 
periodic acid 
0.134 = i 0.015 | 11.2 
0.262 1 cc. 0.05 m periodic acid; after 20 min., 5 cc. satu- | 0.262 | 100.0 
rated potassium hydroxide 
0.134 - 0 0.025 | 18.7 
0.134 | 1 ec. 1 N sulfuric acid, 1 cc. 0.05 m periodic acid; | 0.009 6.7 
after 20 min., 5 cc. saturated potassium hydroxide 
0.105 2 cc. saturated potassium carbonate, 1 cc. 0.05 m | 0.104} 99.0 
periodic acid 
0.118 ” 2 0.113 | 95.8 
0.105 1 cc. 1 N sulfuric acid, 1 cc. 0.05 m periodic acid; 
after 20 min., 2 cc. saturated potassium car- 
|  bonate* 
0.102 5 cc. saturated potassium metaborate, 1 cc. 0.05 m | 0.102 | 100.0 
periodic acid 
0.190 ais “ag 0.189 | 99.4 
0.218 1 ec. 5 N sulfuric acid, 1 cc. 0.05 m periodic acid; | 0.217 | 99.5 
10 cc. saturated potassium metaborate at once 
| 0.190 = ™ 0.190 | 100.0 
0.218 | | 1 ec. 5 N sulfuric acid, 1 cc. 0.05 m periodic acid; | 0.206 | 94.5 
| after 20 min. 10 cc. saturated potassium meta- 
| | borate 








* Cover blew off owing to carbon dioxide. 


tassium hydroxide, potassium carbonate, or potassium metaborate were 
used to free the ammonia produced by periodate in alkaline and acid solu- 
tions of ethanolamine and serine.! The reaction of periodate with ethanol- 


1 The ethanolamine was from a middle fraction collected on distillation of ethanol- 
amine (Eastman Kodak, No. 1597). It gave a value of 99.65 per cent by electrometric 
titration to pH 4.8 with standard acid. The serine was prepared by recrystallization 
of dl-serine (Eastman Kodak, No. 4618) from 50 per cent alcohol followed by dehydra- 
tion with absolute alcohol. 
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amine or serine was incomplete in potassium hydroxide solution. The 
use of potassium hydroxide to free ammonia from the reaction of ethanol- 
amine or serine with periodate in acid solutions also gave very low results. 
Considerable heat was generated on addition of this alkali to acid solutions, 
but the recovery of ammonia was less than could be attributed to any 
mechanical loss due to the heat alone. The use of potassium carbonate 
with acid samples caused less generation of heat, but there was also a 
momentary liberation of carbon dioxide which caused the wall of the unit 
to be spattered with liquid. The reaction of serine with periodate in po- 
tassium carbonate solution required 58 hours for completion. Potassium 
metaborate, which is a reagent recommended by Conway (6) to avoid the 
heat generated in the outer ehamber of a diffusion cell when strongly acid 



































Tas.e II 
Recovery of Serine and Ethanolamine Nitrogen Added to Phospholipide Hydrolysate 
, , ' ie Ammonia 
-|E la- : j Sod Acid } 
— — Serine Lecithin ne mo Inositol pron - ag | —— 
No. | nitrogen | ™trogen phosphate phosphate*| solution | “S!culated as 
nitrogen 
me. | me. | me. | me. | mg. | me. | » | mg. | percent 
lt 0.202 | 0.118 | None | 0.323 | 0.250) 1.539 2 0.321 | 100.3 
2 0.202; 0.118; “ 0.323 | 0.250) 1.539 2 0.321 | 100.3 
3 0.202 | 0.118 | 25.3 0.323 | 0.250 | 1.539 1.2 | 0.322 
4 25.3 1 0.004 
| 
DPSEED shi declé tiaceeiilns subsdabeeudiebondds beh ube toenaekeies 0.318 | 99.4 











* Contained 52 per cent of the @ -iosmer. 
?t The samples of Experiments 1 and 2 contain all of the known water-soluble 
components of a cephalin hydrolysate. 


solutions such as those from Kjeldahl digestions are treated with potassium 
hydroxide or potassium carbonate, gave excellent results with both ethanol- 
amine and serine. 

Effect of Periodate on Choline—Since all but the purest cephalin prepara- 
tions contain lecithin, it was necessary to see whether the procedure with 
periodate in metaborate solution at room temperature had any effect on 
choline. Microdiffusion was used to measure the volatile bases freed from 
choline hydrochloride by (a) alkali alone, (b) periodate and alkali, and (c) 
alkali after treatment for 1 hour at room temperature with periodate in 
1 N sulfuric acid solution. A small amount of base was freed by alkali 
alone. This amount was not increased by the presence of periodate or 
by pre-treatment with acid periodate. 

Recovery of Serine and Ethanolamine Nitrogen Added to Phospholipide 
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Hydrolysate—The determination of serine and ethanolamine nitrogen by 
the use of periodate in metaborate solution was tested in the presence of 
all of the known water-soluble constituents of the hydrolysates of cephalin 
and lecithin. In these cases, the determinations were all carried out on 
acid samples because, in our experience, it has been found that hydrolysis 
of phospholipides must be carried on in acid solution in order to prevent 
loss of nitrogen from ethanolamine and serine. A known solution of 
ethanolamine and serine was made up containing all the known water- 
soluble constituents of a cephalin hydrolysate (potassium dihydrogen 
phosphate, inositol, sodium a-glycerophosphate, and sodium 8-glycerophos- 
phate) and analyzed for serine and ethanolamine nitrogen. This solution 
was then added to a lecithin hydrolysate? and the mixture analyzed. A 
cephalin hydrolysate could not be used, since it would contain an unknown 
amount of ethanolamine and serine. The results are given in Table II. 
As can be seen, the recovery of serine and ethanolamine nitrogen in the 
presence of all the known water-soluble constituents of a phospholipide 
hydrolysate was practically theoretical. 0.118 mg. of serine nitrogen was 
found by the ninhydrin method (7) on another aliquot of the combined 
solutions. Subtraction of this value from the 0.318 mg. of periodate 
nitrogen found by the diffusion procedure gave 0.200 mg. of ethanolamine 
nitrogen. These results are also in good agreement with theory. 


DISCUSSION 


The periodate nitrogen method described here gives a more specific 
measure of cephalin than does the nitrous acid method (10) used heretofore, 
since compounds other than serine and ethanolamine may react with 
nitrous acid. For example, Folch and Van Slyke (11) have reported that 
urea and amino acids are sometimes present in phospholipide preparations 
and that these compounds interfere with the measurement of cephalin 
nitrogen by nitrous acid. While it has been reported that hydroxylysine 
reacts with periodate to form ammonia (4), there has been no indication 
of the presence of this compound in phospholipide extracts. 

Ramsay and Stewart (12) have reported the use of a microdiffusion 
method for the determination of ethanolamine with periodate and saturated 
potassium carbonate solution. They were able to obtain all of the theoreti- 
cal ammonia from ethanolamine alone, but only 65 to 70 per cent of theory 
from ethanolamine added to phospholipide hydrolysates. It is believed 
that their low results may have been due to their use of potassium car- 


? The lecithin was prepared from egg yolk by the procedure of Levene and Rolf 
(9). It was hydrolyzed by heating for 24 hours in 1 n hydrochloric acid, the fatty 
acids were filtered out, and aliquots of the filtrate were taken for the experiments 
shown in Table II. 





6 SERINE-ETHANOLAMINE DETERMINATION 






















bonate. When this alkali is used with an acid solution such as a phos- 
pholipide hydrolysate, there is some generation of heat and evolution of 
carbon dioxide, which may cause some mechanical loss and also some de- 
struction of ammonia by hot acid periodate. 

In addition to eliminating the difficulties mentioned above, the use of 
metaborate makes it possible to set free any preformed ammonia from the 
sample before addition of the periodate. This is impossible with potassium 
hydroxide or potassium carbonate because of the incomplete reaction of 
serine with periodate in the presence of these solutions. 


SUMMARY 


A method has been described for the determination of ethanolamine and 
serine nitrogen by microdiffusion of ammonia produced by periodate in a 
solution nearly saturated with potassium metaborate. It has been shown 
that by this method cephalin nitrogen can be measured in the presence of 
all the known components of phospholipide acid hydrolysates. 


The author wishes to acknowledge his great indebtedness to Dr. W. R. 
Bloor for making this work possible. 
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ON THE ACTIVATION OF CATALASE 


By JAMES B. SUMNER anv ELEANOR B. SISLER 
(From the Department of Biochemistry, New York State College of Agriculture, Ithaca) 


(Received for publication, April 6, 1946) 


Kreke, Bartlett, and Smalt (1) have found that a product obtained by 
extracting bakers’ yeast with alcohol (2), when present to the extent of 
0.5 to 1.0 mg. of digest, accelerates the decomposition of hydrogen peroxide 
by crude catalase. They ran their determinations at 24° and expressed 
their results as per cent of hydrogen peroxide decomposed after different 
intervals of time. We have recalculated the results of one of their experi- 
ments as velocity constants, or K values, and present these in Table I. 
When extrapolated to zero time the K value obtained by using yeast extract 


Tasie I 
Velocity Constants for Catalase Activity 








Digestion at 24° _ K value with yeast extract K value without yeast extract 
min. 
A 0.062 0.030 
10 0.072 0.030 
15 0.064 0.028 
mn 0.052 0.029 
25 0.043 0.026 
30 0.038 9.025 
RA 0.035 0.024 
40 0.030 0.025 











is 0.074, while the value without yeast extract is less than one-half of this, 
or 0.032. We are unable to explain why yeast extract should be able to 
exert such a marked accelerating action upon catalase. Kreke ef al. suggest 
that the yeast extracts contain iron complexes which may act to keep the 
catalase in the oxidized form. But since catalse is not reduced even by 
such a powerful reducing agent as sodium dithionite, we consider this 
hypothesis to be unlikely. 

We have prepared three yeast extracts exactly as described by Kreke 
et al. and find that they do not accelerate the decomposition of hydrogen 
peroxide either by crystalline beef liver catalse or by crude rat liver cata- 
lase, either at 0° or at 20°. Here we have employed the method of von 
Euler and Josephson (3) and also a modification of the method of Jolles 
(4). Our results, expressed as K values extrapolated to zero time, are 

7 








s ACTIVATION OF CATALASE 


shown in Table II. It is always possible, of course, that the yeast extracts 
prepared by us are somehow different from those prepared by Kreke et al. 

Since catalse is rapidly inactivated by hydrogen peroxide, it is preferable 
to express catalase activity by extrapolating to zero time, and it is best to 
run the determinations at 0°. K values determined after catalase has 
reacted with hydrogen peroxide for some minutes can be used to show 
whether or not some added substance is capable of protecting the catalase 


























Taste II 
Effect of Yeast Extract on Different Catalases 
| K value K value 
Catalase used Method of determination —_— = my 
| fraction | fraction 
eee ak seat 7 a” i eee a 
Crystalline beef liver von Euler and Josephson 0 0.046 | 0.046 
“ “ “6 “ec “e 66 66 0 0.053 0.055 
““ “ “ “ “ . | 20 0.057 0.056 
“ as ““ “ “é sé . 0 0.061 0.067 
“ “ ““ ‘s “6 ‘ . 0 0.039 0.045 
Crude rat liver “ “ “ “5 0 0.014 | 0.016 
«“s “s “ “6 ‘6 sé se 20 0.040 0.043 
“ “4 Jolles 0 0.044 | 0.047 
“ “ec “ 0 0.029 0.026 
TaB_e III 


Effect of Yeast Extract on Activation and Destruction of Catalase 
Temperature 24°; ground rat liver as source of catalase. 











Digestion time K value without yeast extract K value with yeast extract 
min. 
5 0.036, 0.039, 0.038 0.035, 0.038, 0.040 
10 0.034, 0.035, 0.034 0.038, 0.038, 0.039 
15 0.029, 0.033, 0.031 0.035, 0.037, 0.038 
20 0.029, 0.031, 0.029 0.036, 0.035, 0.036 











from destruction by peroxide. Our data, given in Table III, are from 
triplicate determinations carried out exactly like those of Kreke et al., 
both with and without the addition of yeast extract. The data show 
plainly that while the yeast extract does not activate the catalase it does 
protect it from destruction, since values after 20 minutes are higher when 
the extract has been added than in its absence. 


SUMMARY 


Contrary to the claim of Kreke, Bartlett, and Smalt, our yeast extracts 
did not increase the activity either of crude or of crystalline catalase. The 





cts 
ble 
1as 


OW 
ase 


ut 






J. B. SUMNER AND BE. B. SISLER 9 


extracts did protect crude rat liver catalase from inactivation by hydrogen 
peroxide at 24°. 
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THE CYTOCHROME c-CYANIDE COMPLEX 


By B. L. HORECKER ano ARTHUR KORNBERG 


(From the Industrial Hygiene Research Laboratory and the Division of Physiology, 
National Institute of Health, Bethesda, Maryland) 


(Received for publication, May 6, 1946) 


In the course of studies involving the reduction of ferricytochrome c by 
the succinic dehydrogenase system, it was observed that in the presence 
of cyanide there is a progressive decrease in the amount of reducible cyto- 
chrome c. This action of cyanide on cytochrome c had previously been 
reported by Potter (1), together with other evidence indicating the forma- 
tion of a ferricytochrome c-cyanide complex, particularly a shift in the 
absorption maximum from 5300 to 5350 A. 

As a result of their spectroscopic observations, Keilin and Hartree (2, 3) 
had concluded that cytochrome c, unlike other ferriheme proteins, did 
not form a cyanide complex, and until the work of Potter this conclusion 
was generally accepted. Their failure to observe the shift in the position 
of the absorption maximum may be attributed to the fact that the shift is 
too small to be detected by direct visual examination. Keilin and Hartree 
also noted that the reduced bands of cytochrome c appeared when cyanide 
was added to a crude yeast or tissue preparation. This observation, how- 
ever, is not inconsistent with the existence of a ferricytochrome c-cyanide 
complex, since the rapidity of reduction of cytochrome c in such prepara- 
tions will preclude any appreciable reaction between cyanide and ferri- 
cytochrome c. 

In the present investigation, the change in spectrum of oxidized cyto- 
chrome c in the presence of cyanide has been confirmed. The kinetics of 
the reaction between cyanide and ferricytochrome c have been studied in 
detail, and constants for the reaction derived therefrom. The results of 
these kinetic studies offer an explanation for the sluggish nature of the 
reaction, the relatively high concentrations of cyanide required, and the ap- 
parent irreversibility noted by Potter. In addition, a new band is de- 
scribed for ferricytochrome c at 6925 A, which may be observed in concen- 
trated solution and which disappears on addition of cyanide or reduction. 


EXPERIMENTAL 


Cytochrome c—This was prepared from calf heart by the method of 
Keilin and Hartree (2), except that the cytochrome solution was finally 
dialyzed against distilled water and evaporated to a dry powder from the 
frozen state. The preparation contained 0.24 per cent Fe. By repeating 
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the final (NH,).SO,-trichloroacetic acid precipitation, the Fe content was 
raised to 0.35 per cent. 

Recently Keilin and Hartree (4) have described a method whereby the 
Fe content of their cytochrome c preparation was increased to 0.43 per cent 
by precipitation with (NH,4).SO, at pH 10.0. By this procedure a prepara- 
tion was obtained which contained 0.41 per cent Fe.' 

The kinetic measurements described below were obtained with the cyto- 
chrome ¢ preparation containing 0.24 per cent Fe. Since the extinction 
coefficients based on Fe content are not affected by the further purification 
(4, 5), these results are considered to apply as well to pure cytochrome c. 
The absorption spectra of concentrated solutions in the red region are com- 
pared for the various preparations described. 

To insure complete oxidation of the cytochrome solutions, these were 
brought to pH 4.0 with 0.1 N HCl and aerated before neutralization and 
further dilution for each experiment. 

Succinic Dehydrogenase—This was prepared from rat heart by the 
method of Stotz and Hastings (6), except that the washings with water were 
omitted. From 3.5 gm. of rat heart about 4 cc. of a succinic dehydrogenase 
suspension were obtained. These preparations were stored in the refriger- 
ator and used for 2 weeks. 

Cyanide Solutions—0.15 m KCN solutions were freshly prepared for each 
experiment by dissolving 500 mg. in water and neutralizing with 1.0 n 
HCl. 5.0 ce. of 0.5 m phosphate buffer, pH 7.4, were then added and the 
total volume brought to 50 ce. Appropriate dilutions in 0.05 m phosphate 
buffer were prepared as required. 

Succinate Solutions—2.5 gm. of sodium succinate + 6H,O were dissolved 
in 5.0 ce. of 0.5 M phosphate buffer, pH 7.4, and diluted to 50 ce. to give a 
0.185 m solution. 

Fe Determinations and Dry Weights—Fe contents of the cytochrome prep- 
arations were determined by the method of Delory (7). Dry weights of 
the preparations containing salt were determined by the ignition method 
described by Keilin and Hartree (4). 

Spectrophotometry and Colorimetry—The cytochrome solutions were 
analyzed with the Beckman spectrophotometer at 5500 A after reduction 
with Na.S.0,. The extinction coefficient based on Fe content at this wave- 
length was found to agree with that given by Theorell (8), although for 
ferricytochrome c and for ferrocytochrome c at 5200 A the extinction coeffi- 
cients were somewhat lower. The absorption spectra were also deter- 


1 With the addition of 4 volume of NH,, as prescribed by Keilin and Hartree, the 
pH was 9.6, rather than 10.0. However, with larger volumes of NH;, the (NH,).SO, 
saturation was reduced and no purification was obtained. Failure to obtain a purer 
preparation may be due to the low pH value. 
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mined with the Beckman spectrophotometer, with a slit width of 40 A in 
the blue and green and 50 to 60 A in the red region. 

The kinetic measurements were made with the aid of a photoelectric 
colorimeter and a 5490 A filter transmitting between the extremes of 5350 
and 5700 A. With this filter the proportionality of density to concentra- 
tion was obtained for ferricytochrome c over the entire range, but for re- 
duced cytochrome c only when the concentration was maintained below 
2.0 X 10° Mm, with a 1.0 cm. cell. Within this range the conversion of 
ferricytochrome c to ferrocytochrome c followed the equation 


(m),..~ (oe 
I /Fet+ qT Fet** gs 


where C (ferricytochrome c) is the concentration in moles per liter, Io 
the intensity of incident light, and J the intensity of transmitted light. 
Fet+*++ and Fe+* represent the solution before and after the ferricytochrome 
c was converted to ferrocytochrome c by enzymatic reduction. 

Although cyan-ferricytochbrome c is not appreciably reduced by succinic 
dehydrogenase over relatively long periods of time, as observed by Potter, 
it is readily reduced by NaeS.0,. For the conversion of cyan-ferricyto- 
chrome c to ferrocytochrome c the following equation was found to apply. 


we gue (oe) 
7 Fet++ i Fet++ 


0.061 





(1) C (ferricytochrome c) = 





(2) C (cyan-ferricytochrome) = x 10-* 
Both Equations 1 and 2 are valid for solutions in which no other changes in 
light absorption are taking place. 

In the determination of the rate and equilibrium constants for the reac- 
tion 
(3) Ferricytochrome c + CN~ = cyan-ferricytochrome c 


the concentrations of free ferricytochrome c and of the cyanide complex 
were determined from the change in optical density produced by successive 
additions of excess succinate-succinic dehydrogenase and NaS.O0,, Equa- 
tions 1 and 2 respectively being applied. Since the total cytochrome con- 
centration was given by the final value, these results served to check each 
other. Suitable corrections were made in each case for turbidity con- 
tributed by the succinic dehydrogenase added. 


Rate of Reaction 


Ferricytochrome c was incubated with various concentrations of cyanide 
at several temperatures. At intervals during the incubation period ali- 
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quots were removed from the mixture and treated with a succinate-succinic 
dehydrogenase mixture. The quantity of enzyme added was sufficient to 
reduce completely the ferricytochrome ¢ present in less than 0.2 minute. 
The results of a typical experiment are given in Fig. 1. 1.52 XK 10% x 
ferricytochrome c was incubated with 0.0045 m, 0.015 m, and 0.03 m KCN 
in a total volume of 10.0 ec. in 0.05 m phosphate buffer, pH 7.4. At the 
time intervals indicated by the points on the curves, 1.0 cc. quantities of 
the cytochrome-cyanide mixtures were added to 0.5 cc. of a solution of 
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Fic. 1. The rate of formation of cyan-ferricytochrome c at 24°, pH 7.4. Curve 1, 
KCN 0.0045 m, CN~ 7.9 X 10-5 m; Curve 2, KCN 0.015 mu, CN~ 26 X 10-5 st; Curve 3, 
KCN 0.03 mu, CN~ 53 XK 1075 a. 


0.037 m succinate in 0.05 m phosphate buffer, pH 7.4, containing 0.005 cc. 
of succinic dehydrogenase. Optical densities were measured after reduc- 
tion by enzyme and again after addition of about 2 mg. ef dry NaS... 
The pH of each solution was determined at the end of the reaction. At the 
beginning and end of the experiment 1.0 cc. samples were diluted with 0.5 
ec. of water and the density determined in order to establish the base value 
for computation by Equation 1. The values for intermediate times were 


obtained by interpolation. 
As shown in Fig. 1, the rate of combination of cyanide with ferricyto- 
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chrome c follows the equation for a reaction of the first order 


d logie (ferricytochrome c) 


71 = k’(CN-) 









from which it may be concluded that the reaction involves 1 mole of 
ferricytochrome c and 1 mole of CN-, as represented in Equation 3. The 
specific reaction velocity constant, k, is obtained from the slope of the 
curves in Fig. 1. 

2.303 _ d logy (ferricytochrome c) 
~ (CN-) dt 





k liter mole min.“ 


In Table I are listed the values obtained for & at various temperatures. 


TABLE I 
Specific Reaction Velocity Constants for Formation of Cyan-ferricytochrome c 
k = liter mole min.“ 














- 24° 37° 
16.8 590 3440 
15.8 540 4160 
20.1 480 3840 
17.0 550 
15.0 500 
17.4 580 
540 
590 
Average..... 17.0 550 3810 








From the effect of temperature on the rate of the reaction, the heat of 
activation, A, may be calculated by means of the Arrhenius equation 


2.303d logio k A 
dT RT: 


When the values of logy. /& are plotted against 1/7’, the reciprocal of the 
absolute temperature, the heat of activation computed from the slope 
of the line obtained is 26,100 calories per mole. 
Equilibrium Constant 
The procedure for the determination of the equilibrium constant 


(ferricytochrome c)(CN-) 
(cyan-ferricytochrome c) 
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was similar to that for the determination of the reaction velocity except that 
lower concentrations of cyanide and longer incubation times were used, 


To reduce loss of cyanide during the reaction, the cyanide-cytochrome | 


mixtures were transferred to 10 cc. syringes fitted with hypodermic needles 
immediately after preparation and the needle sealed by insertion into a cork 
stopper. Samples were delivered through the needle as required. Since 
there was no necessity for a very rapid enzymatic reduction, only one-fifth 
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Fic. 2. Equilibrium between ferricytochrome c and cyanide at 27°. Curve 1, 
KCN 7.5 X 10~* m, pH 7.32, CN~ 11.2 X 10-*m; Curve 2, KCN 3.0 X 10~* m, pH 7.34, 
CN~ 4.7 X 10-¢m; Curve 3, KCN 1.5 X 10-* m, pH 7.32, CN~ 2.24 X 10-¢m; Curve 4, 
KCN 1.0 X 10M, pH 7.38, CN~ 1.69 X 10-*m; Curve 5, KCN 0.5 X 10-* m, pH 7.40 
CN~- 0.88 X 10-8. Circles represent values calculated from enzyme-reducible cyto’ 
chrome; crosses represent values obtained by reduction of cyan-ferricytochrome 
c by Na2S,0,. 


as much enzyme was used in order to reduce the size of the turbidity cor- 
rection. At the time of each determination, control samples were diluted 
with water and the densities measured. 

The results of a typical experiment are given in Fig. 2. The time re- 
quired to reach equilibrium varied with the temperature but in most cases 
at least two points were obtained after equilibrium was reached. In the 
experiments at 2° equilibrium had not been reached after 3 days, and the 
curves were extrapolated to determine the asymptotic equilibrium values. 

Determinations of the equilibrium constant at the various temperatures 
are summarized in Table II. From the slope of the curve obtained by 
plotting logis K against the reciprocal of the absolute temperature, the heat 
of the reaction is calculated to be —6400 calories per mole, in the range of 
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temperature covered. The equation for the dissociation of cyan-ferricyto- 
chrome c may therefore be written 


Cyan-ferricytochrome c = ferricytochrome c + CN~ + 6400 calories 


In order to establish that the reaction involves cyanide ion, rather than 
undissociated HCN, the measurement of the equilibrium constant was re- 
peated at pH 8.0, at which the HCN is approximately 4 times as dissociated 
asat pH 7.4. The results, computed on the basis of cyanide ion, were in 
agreement with those obtained at pH 7.4, whereas constants computed on 
the basis of the KCN concentration were only one-fifth as large. Similar 
results were obtained from the effect of pH on the reaction velocity. From 
these experiments it may be concluded that the reaction is correctly repre- 
sented by Equation 3. 


TaBLeE II 
Dissociation Constant of Cyan-ferricytochrome c 
K = moles per liter, average values. 














Temperature K X 10 
©. 

2.5 6.3 
15.0 4.2 
27.0 2.5 
37.0 2.0 





While no quantitative measurements were made with cyan-ferricyto- 
chrome c as the starting material, the reversibility of the reaction was es- 
tablished by dialysis after complete conversion to the complex. The 
recovered ferricytochrome was readily reducible by the succinic dehydro- 
genase system. 


Absorption Spectra 


As was previously indicated, the present study has confirmed the shift 
in absorption maximum reported by Potter. The change produced by 
cyanide in this region is, however, small compared to the decrease in absorp- 
tion observed in the red region. Here ferricytochrome c has a well defined 
band at 6925 A, which is absent in the cyan derivative and in ferrocyto- 
chrome c (Fig. 3) and also shows a hump at 6400 A. 

From the spectra obtained with the various cytochrome c preparations 
it is evident that the band at 6925 A increases in intensity as the cyto- 
chrome is purified. The hump at 6400 A, on the other hand, tends to 
diminish with purification. It is present as well in the spectra of cyan- 
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ferricytochrome c and ferrocytochrome c. It is, therefore, considered 
likely that this hump represents absorption due to some impurity, while the 
6925 A band is attributable to ferricytochrome c itself. This conclusion js 
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Fic. 3. The absorption spectra of cytochrome c derivatives in concentrated solu- 
tion. The molecular extinction coefficients are based on Fe content. Curve 1, 
Fe 0.24 per cent; Curve 2, Fe 0.35 per cent; Curve 3, Fe 0.41 per cent. The curves 
for reduced and cyan-cytochrome c were deteriuined with 0.41 per cent Fe cytochrome. 


TABLE III 


Properties of Cyanide-Ferricytochrome c Reaction 




















25° 37° 
Specific reaction velocity constant for formation, liter min.- | 660 3810 
mole 
Half time of formation of complex in 10-* m KCN, pH 7.4, min. 60 10 
Dissociation constant, moles per l. X 10* 2.6 1.9 
Fraction of cytochrome as complex at equilibrium in 10-* m 0.87 0.93 
KCN, pH 7.4 
Specific reaction velocity constant for dissociation, min.-! X 1.7 7.2 
108 
Half time of dissociation in absence of cyanide, min. 407 96 
Heat of dissociation, calories —6,400 
“«  * ~ activation 55 26,100 





borne out by the kinetic behavior of the absorption at these wave-lengths 
in the presence of cyanide. 2.9 cc. of a 2.06 X 10~ M solution of ferricyto- 
chrome c in 0.05 m phosphate buffer, pH 7.4, were treated with 0.1 cc. of 0.15 
m KCN and the change in absorption with time followed at 6900 and 6400 
A. At 6900 A there was a progressive decrease in density which, when 
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converted to ferricytochrome ¢ concentration and plotted according to 
Equation 4, gave a linear relationship and a rate constant in excellent 
agreement with those obtained by enzymatic reduction. At 6400 A, on 
the other hand, the density fell initially to a new value, after which the be- 
havior coincided with that observed at 6900 A. The magnitude of this 
initial decrease was such as to eliminate the hump completely and give a 
smooth curve between 6200 and 6700 A. From this observation it might 
be concluded that the hump at 6400 A is due to an impurity which combines 
with cyanide more rapidly thandoes ferricytochrome c. This conclusion, 
however, is not in accord with the presence of the hump in the spectrum of 
cyan-ferricytochrome c, and the nature of the 6400 A hump must therefore 
remain in doubt. 

One other observation of interest is presented in connection with the ab- 
sorption measurements. When ferricytochrome c containing 0.24 or 0.35 
per cent Fe is treated with cyanide, formation of the cyanide derivative is 
accompanied by the appearance of a precipitate which must be removed by 
centrifugation before the cyan-ferricytochrome spectrum is determined. 
No precipitate is formed, however, when ferricytochrome c containing 0.41 
per cent Fe combines with cyanide. Apparently cyanide is capable of 
splitting off a fraction from that form of cytochrome c containing 0.34 per 
cent Fe in a manner similar to the dissociation at alkaline pH (3). 

In Table III, the important properties of the cyanide-ferricytochrome c 
reaction are summarized. 


DISCUSSION 


In addition to Potter’s work, there is a considerable amount of indirect 
evidence for the action of cyanide at some locus other than cytochrome 
oxidase. Stannard (9) found a difference in the kinetics of the cyanide 
sensitivity of the respiration of resting and active muscle and showed that 
the resting respiration was not inhibited by azide. To account for these 
findings he postulated the existence of an alternative cyanide-sensitive 
respiration mechanism. Winzler (10), on the basis of the kinetic behavior 
of yeast respiration in the presence of cyanide, has also concluded that a 
second cyanide-sensitive carrier is involved in addition to cytochrome oxi- 
dase. The possibility is suggested that this carrier is cytochrome c. How- 
ever, in view of the fact that the effect of cyanide occurs “within a few 
seconds” this possibility appears unlikely. Winzler has calculated the dis- 
sociation constant of this cyanide complex and found it to be 3.7 X 10-° 
MNaCN. Assuming the pH within the yeast cell to be the same as that 
of the medium, this would give a value of 3 X 10-* for the dissociation con- 
stant computed on the basis of cyanide ion, indicating a much more stable 
complex than cyan-ferricytochrome c. 

From the results of the present investigation, it may be concluded that 
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the cyanide-cytochrome complex will, because of the inhibition by cyanide 
of cytochrome oxidase, contribute little to the effect of cyanide on respira- 
tion. Asa result of the immediate and complete inhibition of the oxidase 
by cyanide, cytochrome c will rapidly be reduced by the dehydrogenase 
systems, before appreciable combination with cyanide occurs. Only if 
there should exist an oxidation mechanism for cytochrome c less cyanide- 
sensitive than cytochrome oxidase, will the possibility arise for the in vivo 
formation of cyan-ferricytochrome c. Perhaps the existence of such an 
oxidation mechanism will account for the observations of Stannard and 
Winzler. 


The authors are indebted to Dr. Dean Burk and Dr. F. S. Brackett for 
helpful suggestions, and to Mr. Loyal G. Goff for technical assistance. 


SUMMARY 


1. Ferricytochrome c and cyanide ion combine in equimolar proportions 
to form a cyan-ferricytochrome ce complex. 

2. The kinetics of the reaction have been studied. The reaction is 
sluggish but results in the formation of a moderately stable complex. The 
heat of activation for formation of the complex is 26,100 calories. The 
heat of dissociation is —6400 calories. 

3. The shift in absorption maximum of ferricytochrome cin the presence 
of cyanide as reported by Potter has been confirmed. A new band is 
described for ferricytochrome c at 6925 A, which disappears on addition 
of cyanide or reduction. 

4. The physiological significance of the formation of the cyan-ferricyto- 
chrome c complex is discussed. 
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BIOPHYSICAL STUDIES OF BLOOD PLASMA PROTEINS 


IV. SEPARATION AND PURIFICATION OF A NEW GLOBULIN FROM 
NORMAL HUMAN PLASMA* 


By H. F. DEUTSCH, R. A. ALBERTY, anv L. J. GOSTING 
(From the Department of Chemistry, University of Wisconsin, Madison) 


(Received for publication, May 13, 1946) 


The antibodies of various animal species immunized to different antigens 
have been shown to possess electrophoretic mobilities of either y-globulin 
or of a component moving with the approximate velocity of fibrinogen 
(1-5). In the course of studies on the separation and removal of y-globu- 
lin (6) from human blood plasma protein pastes prepared by ethanol pre- 
cipitation and known as Fractions II + III and III-1 (7), it was noticed 
that a protein possessing an electrophoretic mobility comparable to that 
of fibrinogen was always present in the residues resulting after such ex- 
tractions. The work to be reported here describes the concentration and 
purification of this additional, non-fibrinogen, normal human blood plasma 
protein. For reasons to be disclosed we have designated it as y:-globulin. 
On this basis then, the normal serum y-globulin is to be referred to as 
y-globulin. Moreover, it is a consequence of these studies that the yield 
of the normal serum y-globulin from the original Fraction II + IIT pastes 
is now increased to approximately 95 per cent. 


EXPERIMENTAL 


The general techniques for the fractionation of normal serum y-globulin 
were used. The starting material was that portion of Fraction II + III 
(8) which precipitated at pH 5.1, ionic strength 0.01, ethanol concentra- 
tion 15 to 17 per cent, and temperature —6°, as carried out in the separation 
of normal human serum globulins (6). This residue was suspended in distil- 
led water at 0° and a study was made of the variables salt, pH, and ethanol 
concentration in order to find the conditions necessary to effect solution of 
the y:-globulin with precipitation of the remaining proteins. In all frac- 
tionations, the temperatures were maintained within 1° of the freezing 
point of the system; the pH measurements were carried out at 25° by means 
of a glass electrode. 

It was found that a set of conditions which was necessary to maintain the 
major portions of the y-globulin in solution with simultaneous precipitation 


* This work has been carried out under a contract, recommended by the Com- 
mittee on Medical Research, between the Office of Scientific Research and Develop- 
ment and the University of Wisconsin. 
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of the lipide-containing 8-globulins resulted in solution of the y2-globulin 
as well. Thus, it became necessary to find conditions to resolve an initial 
fraction consisting of these two y-globulins into the two constituent pro- 
teins. The progress of the fractionation was evaluated (1) by means of dry 
weight analysis of the protein fractions and (2) by a study of their electro- 
phoretic patterns. The electrophoretic analyses were carried out at pH 8.6, 
in a barbiturate-citrate buffer of ionic strength 0.088, in which the sodium 
barbiturate ions contributed 48 per cent of the ionic strength. The moving 
boundaries were recorded with the usual Tiselius assembly, by the diagonal 
knife-edge schlieren method. The duration of an experiment was 2 hours 
with a potential gradient of approximately 10 volts per cm. 
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Results 


The small amount of y,-globulin and its relation to the other plasma pro- 
teins are shown by Fig. 1, which is an electrophoresis record of human 
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Fic. 1. Electrophoretic diagram of human blood plasma and serum from the same 
individual. 
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plasma and serum from the same individual. In plasma diagrams this 
component is commonly estimated as fibrinogen but it can be clearly seen 
from the serum pattern that another protein is present. Cohn et al. (8) 
indicate that such a protein represents 3 per cent of the total plasma pro- 
teins. 

The Fraction II + III contains the major portion of the serum y- and 
yi-globulins. After the removal of a large portion (75 to 80 per cent) of ( 
the y:-globulin by the use of the procedure described in Paper III of this 
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series (6), there is formed a new protein residue which has the electro- 
phoretic composition shown in Fig. 2. Although the residual fibrinogen 
in Fraction II + III has been denatured by prior chemical treatments, it is 
possible that a portion of the area indicated as y;-globulin may consist of a 
lysis product of fibrinogen, such as the a-fibrinogen derivative of Seegers 
et al. (9). However, as judged by the criterion of fibrin formation, no 
fibrinogen is present. Such a consideration makes difficult an evaluation 
of over-all yield of the y,-globulin in a recovery process. 

The main difficulty that had to be overcome in the recovery of y;-globulin 
was the removal, by precipitation, of the lipide-containing 8-globulins. 
Complete separation of the 8-globulin is difficult, and is impractical, if 
suitable yields of y:-globulin are desired. 






B 

5 AY 
‘ Aig ae 
Af EAE PS. A 


a ———— —_—— 


Fig. 2. Electrophoretic diagram of protein paste used as the starting material in 
fractionations. 


Thus, the primary object of our research was the removal by precipita- 
tion of such 8-globulins from the protein solutions; these steps will be re- 
ferred to as Precipitations I in the report. As y-globulins must be also 
removed from the supernatants by precipitation procedures, these opera- 
tions will be described as Precipitations IT. 

Initial experiments indicated that, at minimal ionic strengths (about 
0.002), the major portions of the 8-globulins could be removed in aqueous 
solution at pH 5.1 with little loss of y-globulin. The use of lower pH 
values resulted in failure to precipitate a large part of the 8-globulins, but 
the use of higher pH values, while removing as much of this globulin, re- 
sulted in high losses of y:-globulin by precipitation. Hence the initial 
step in all experiments was to remove the globulins (largely 8-globulins) 
insoluble at pH 5.1, and ionic strength 0.002, even without the addition of 
alcohol (Precipitation Ia). The presence of small amounts of ethanol 
(approximately 0.5 per cent) at this point was due to the alcohol content 
of the starting protein pastes (about 13 per cent by volume). The 
y-globulins present in these supernatant solutions, when precipitated at 
pH 7.0, ionic strength 0.01, and ethanol concentration 20 per cent (Pre- 
cipitation IIa), showed an electrophoretic composition as indicated in 
Fig. 3. 
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It might be well to state at this point that the electrophoretic analysis of 
protein mixtures such as y;- and y--globulins is somewhat arbitrary, because 
the resolution is poor. In a future report we will deal with this problem; 
namely, the ability to assay mixtures of known 7:- and ¥2-globulin content 
by electrophoresis. 

Attempts to remove more §-globulins (Precipitation Ib) by adjustments 
of the pH of the supernatant solutions resulting from Precipitation Ia were 
not satisfactory. Although products containing less than 10 per cent 
8-globulins were regularly obtained, such attempts resulted in poor yields 
of the desired y;-globulin. The results of some experiments of this kind are 
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Fic. 3. Electrophoretic diagram of protein in the starting material soluble at pH 
5.1, « = 0.002. 

















Tasie I 
Effect of pH Adjustments on Precipitation Step Ib 
Ia, , ; 

Esper Pptn. Ib Sule TS Spee enh sei Electrophoretic analysis 
pH » pH b y-Globulin |71-Globulin | 6-Globulin 
sm. percent | percent | per cent 

A 5.51 | 0.0014 7.10 0.0067 10.2 30 64 6 

B 6.05 | 0.0017 7.12 0.0061 7.6 39 54 7 

Cc 6.55 | 0.0030 7.20 0.0069 6.0 30 64 6 

D 7.20 | 0.0150; 7.10 0.011 15.4 26 65 9 





























collected in Table I. Except when otherwise indicated, the data in Tables 
I to IX refer to fractionations carried out on 200 gm. portions of protein 
pastes of the electrophoretic composition shown in Fig. 2. This corresponds 
to 50 to 60 gm. of dry protein. 

Since adjustments of pH of the supernatants following the Precipitation 
Ia step were not successful in removing substantial amounts of the 8-globu- 
lins still in solution, other means to accomplish the purification were 
attempted. The use of added ethanol to attain such a separation was 
studied. 

While such experiments at various ethanol concentrations tended to 
show differences in yield rather than an improved separation of the £- 
globulins, it was indicated that an ethanol concentration of 5 to 10 per cent 
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at this point (Precipitation Ib) could be used satisfactorily. 
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are shown in Table II. 
Occasionally, albumin was a contaminant of the y;- and +.-globulin 
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These results 


product, along with the 8-globulins. To keep the albumin and possibly a 
portion of the 8-globulin in solution while precipitating the y-globulins, the 
effects of the use of higher pH values were investigated. As shown by the 
results in Table III, the use of pH 7.7, with an ethanol concentration of 20 
per cent, was instrumental in giving an improved product (Precipitation 
IIa). 


TaBLe II 
Effect of Ethanol Concentration on Precipitation Step Ib at pH 5.09 and yw 0.0012 





| | 
Ionic strength for 


Electrophoretic analysis 























. Ethanol 
Experi- | concentration ‘her Ila, pH 7.0, Yield 
30 t 
ment | for Pptn. Ib | A nthe y 1¢Glo- 71-Glo- #-Glo- on 
| oer eonl aud in gm. | per cent | per cent | per cent | per cent 
A | 4.8 | 0.005 17.0 25 66 9 0 
B | 74 | 0.014 16.0 16 76 8 0 
C | 9.9 | 0.005 13.2 23 62 8 7 
Tase III 


Effect of pH ca Precipitation Step Ila 
For Precipitation Ib the conditions were pH 5.10, » 0.0014, and ethanol concentra- 
tion 5 per cent. 

















Pptn. Ia Electrophoretic analysis 
Experiment | Yield 
= | ep Ethanol y+Globulin |71-Globulin | 6-Globulin 
per cent gm. per cent per cent per cent 
A 7.69 0.045 15 9.6 29 65 6 
B 7.46 0.027 15 12.4 31 62 7 
Cc 7.69 0.045 20 14.2 29 68 3 























The conditions indicated by Experiment C of Table III give a precipitate 
consisting largely of y:- and y2-globulins (97 per cent). The ability to 
separate out such a fraction is considered to be an attainment in itself. 
This material may be used (1) as a source substance for the preparation of 
y-globulin or (2) it may be developed for various clinical uses which may 
require antibodies present in the y;-globulins of normal human plasma. 

The magnitude of this y:- plus y2-globulin fraction in comparison to the 
yrprotein Fraction II obtained by methods given earlier (6) is shown by 
Table IV. A very appreciable increase in antibody recovery is indicated 


by these data. 
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Separation of y:- and ¥2-Globulins—Sufficient amounts of starting mate- 
rial were not always available to obtain what might be called high grade 
globulin pastes for the studies in the development of a satisfactory set of 
conditions for the separation of 7;- and y2-globulins. In the preliminary 
studies, various precipitates were collected to give a material of the fol- 
lowing electrophoretic analysis: 26 per cent y2-, 64 per cent y;-, 7 per cent 
8-globulin, and 3 per cent albumin. Although this sample contained ap- 
proximately 10 per cent of impurities (8-globulin and albumin), the pres- 
ence of these proteins was not considered to be deleterious in such pre- 
liminary studies of the actual conditions necessary for satisfactory 
separation of the y:- and 72-globulins. 

















TaBLe IV 
Recovery of y-Globulin from Fraction II + IIl 
’ Dry yield, Electrophoretic analysist 
Experiment No. Dey yeh,, fraction yi- + — 
Fraction I lobulint 
76 2-Globulin | 7-Globulin | 8-Globulin 
gm. | gm. per cent | per cent per cent 
1 | 35 26 43 53 4 
2 36 26 29 64 7 


| | 





* From 400 gm. of Fraction II + III paste. 
t From residue after extraction of Fraction II from 400 gm. of Fraction II + III 


paste. 
t Analysis of y:- + y2-globulin fraction, 


In the experiments, 3.5 gm. samples of the protein were suspended in dis- 
tilled water at 0° to give approximately a 0.3 per cent solution, and 0.05 
acetic acid was added to adjust the solution to the pH range 5.1 to 5.3. 
After stirring the suspension for from 1 to 12 hours any insoluble material 
was removed by filtration. The clear solutions were studied to determine 
the best conditions of ionic strength, pH, ethanol concentration, and tem- 
perature, for the separation of y;- and 2-globulins. 

A procedure to precipitate the y-globulin, while maintaining the 
globulin in solution, appeared to be the most practical means to bring 
about this separation (Precipitation IIb). The soluble supernatant pro- 
teins (largely y-globulin) were removed by elevating the pH to 7.4 + 0.1 
and bringing the ethanol concentration to 25 per cent. 

The effect of pH variations at a concentration of 12 per cent ethanol and 
an ionic strength of approximately 0.01 at the step Precipitation IIlb was 
first considered. The salts used to adjust the ionic strength were sodium 
acetate and phosphates. All experiments were evaluated in terms of the 
amount and purity of y:-globulin separated. The results of some pre- 
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liminary experiments are shown in Table V. (The amounts of 8-globulin 
and albumin in these preparations are not reported in Tables V to IX, 
since the emphasis is now on the actual separation of y;- and y2-globulins.) 

Increase in pH value resulted in higher yields of 7;-globulin with, how- 
ever, a decreasing ratio of the y;- to y:-globulin. Since both of these con- 
siderations were of importance, it was arbitrarily decided to select an inter- 
mediate pH range, namely 5.5, for further investigations. With this pH 
value and 12 per cent ethanol concentration, the effect of ionic strength 
variation was studied on solutions containing sodium chloride, as well as 
acetate-phosphate mixtures. The results of such experiments are recorded 
in Table VI, and suggested that ionic strength in the region 0.005to00.015 
represented the best conditions for the precipitation of y-globulin. At 
higher ionic strengths, increased amounts of y-globulin were precipitated. 




















TABLE V 
Effect of pH on y,-Globulin Separation 
Ppt. -_ 2 cent Electrophoretic analysis 
Experiment Yield - 
pH n Globulin | 41-Globulin eee ie 
gm. per cent per cent 
A 5.25 0.0094 1.12 7 79 11.3 
B 5.53 0.0097 1.46 9 72 8.0 
Cc 5.72 0.011 1.81 11 76 6.9 














At lower ionic strengths smaller yields were obtained, although the pre- 
cipitated proteins contained a higher proportion of y-globulin. For these 
reasons ionic strengths of 0.010 to 0.015 were used in subsequent experi- 
ments. No appreciable differences between yields or purity of product 
from acetate-phosphate and from sodium chloride systems were observed. 
In working with small amounts of starting globulin pastes, such as were 
used in these experiments, considerable variations in the yield of y;-globulin 
may be experienced. This is evident from the data of Table VI. 

A third variable of the system, the concentration of ethanol, was also 
considered. The results shown in Table VII indicate that at a concentra- 
tion of 14 per cent ethanol, with pH 5.53 and ionic strength (acetate- 
phosphate) 0.005, higher yields of y;-globulin were obtained. Other ex- 
periments have disclosed that an increase in ionic strength at 14 per cent 
ethanol will serve to precipitate more y:-globulin. In general, at pH 5.5, 
the effect of increased ionic strength at a constant ethanol concentration is 
to salt-out y;-globulin. Such an effect was likewise apparent in the data of 
Table VI for systems at constant alcohol concentration with variable ionic 
strength. 
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As a result of these experiments, the general conditions best suited for 
the separation of 7;- from admixtures with y2-globulin are pH 5.5, ionic 
strength 0.005 to 0.015, and an ethanol concentration of 10 to 14 per cent. 
Experiments at the lower ionic strengths were generally carried out with 
the higher alcohol concentrations and vice versa. It is evident that, at the 





















































Tasize VI 
Effect of Ionic Strength on y,-Globulin Precipitation 
l l pre 
2 Epa. Thy Tonic increment | Electrophoretic analysis ! 
| 2 PEN Sen ) 
eRe. | | Sodi | Sodi | = | Gl | Gl | ag | , 
pH » poorerny Lheaphates NaCl | ‘bulin "bulin als 
| n ad els 
per cent per cent per cent gm. per cent per cent 
1-2A_ | 5.49 | 0.0008 75 25 0.21 No analysis 
1-2B | 5.52 | 0.0052 50 50 1.63 5 | 83 | 16.6 
1-2C | 5.50 | 0.020 49 51 1.73 9 | 7% 8.4 
1-6A | 5.48 | 0.002 32 | 3 | 55 |0.15 No analysis 
1-6B | 5.48 | 0.0051 12 5 83 1.50 3 | 90 | 30.0 
1-6C | 5.48 | 0.020 3 1 96 | 2.00 4 88 | 22.0 
1-7A | 5.56 | 0.006 7 4 89 (1.05; 3 84 | 28.0 
1-7B | 5.56 | 0.009 5 3 92 /1.25/ 5 | 84 16.8 
1-7C | 5.56 | 0.012 + 2 94 1.32 5 | S | 16.8 
1-7D | 5.56 | 0.015 3 2 95 1.16 5 | 85 | 17.0 
! | ! 
Tas_e VIT 


Effect of Ethanol Concentration on Precipitation of y,-Globulin 





| Electrophoretic analysis 
thanol concentration P y 











E 
fo Ul 53 | a a 
Experiment r oar } $38, | | y2-Globulin | vi-Globulin ee 
| per cent gm. per cent per cent 7 
A | 6 | 0.80 | 7 61 8.7 
B 10 1.26 5 76 15.2 
Cc | 14 } 120° | 5 | 79 | 15.8 
penalty of low yield, relatively pure y:-globulins may be obtained, but, if Fr 
higher yields are desired, the product is contaminated with varying amounts 
of y2-globulin. ce! 
The conditions suggested by the above experiments were applied to a shi 
protein sample, 15.7 gm. in weight, which resulted when portions of the tio 


proteins obtained in the experiments shown in Table II were pooled. After 
suspension and treatment as previously indicated, a precipitate (the yr tiv 
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for globulin) was taken off at pH 5.52, ethanol concentration 10 per cent, and 
nic ionic strength 0.006. The supernatant solution was then adjusted to pH 
nt. 7.47 with Na,HPO, and the ethanol concentration was brought to 20 per 
ith 

the Tasie VIII 

Fractional Separation of y:- and y2-Globulin 
Electrophoretic analysis 
Material Weight =e 
soi y+-Globulin -Globulin 8-Globulin 
gm. per cent per cent per cent 

— cnt teesigkihs bach dath 15.7 30 65 5 

3 SINE. Sock coacecs ones 3.8 2.7 94.3 3.0 

3 EE? . Ges eiwasveaearves 8.9 85 ll 4 
eid 

6 

4 

0 

0 

0 

8 

8 

0 

in 

lin 

t, if Fig. 4. Electrophoretic diagram of separation of a mixture of y:- and y2-globulins 
ints 

cent to precipitate the y.-globulin. The results of this experiment are 

0a shown in Table VIII. The electrophoretic patterns following this separa- 
the tion are shown in Fig. 4. 
fter Thus, it has been possible to obtain a y;-globulin preparation of rela- 


v0 tively high purity. 3 gm. of protein were lost during the fractionation. 
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However, it can be readily seen that more y.-globulin was recovered in the 
fractionation than was indicated to be present in the starting material. 
The difficulty in the electrophoretic resolution and analysis of these two 
y-globulins has been previously mentioned. 

The precipitates consisting largely of y:-globulin often showed the pres- 
ence of various amounts of flocculent material after solution in 0.15 m 
NaCl at physiological pH values. A goodly portion of this insoluble mate- 
rial appears to be the high molecular weight component of the globulin 
(8 = 18 Svedberg units in the ultracentrifuge) which shows marked 
tendencies to denaturation, as indicated by insolubility. If the y-globulin 
paste which had been precipitated at pH 5.5 was suspended in a solution 
of pH 7.7 and ionic strength approximately 0.05, a portion of the protein 
failed to go into solution. Removal of this material by centrifugation, fol- 
lowed by filtration of the supernatant solution through a thin pad of filter 
aid prior to final precipitation of the end-product, gives a protein which 
has good solution properties. However, portions of the heavier molecular 
weight constituent have been removed in this process. Studies of the 
stabilization and properties of this component are in progress. 

As a result of this work, the separation and concentration of the proteins 
of plasma concerned with antibody activity have been extended consider- 
ably. Steps in the procedure for the separation of these y-globulins from 
the Cohn Fraction II + III (8) of human plasma are summarized in the 
accompanying outline. 

As the description of actual fractionation procedures is completed, it 
should be remarked that protein pastes (Fraction II + III or a residue 
thereof) which have undergone relatively long cold storage are more readily 
fractionated for y;-globulin than are fresh fractions. The basic difference 
appears to be a greater solubility of the 6-globulins in the case of the fresh 
protein pastes, with a consequently greater difficulty in preparing yr 
plus y2-globulin mixtures which are free of lipoproteins. 

By the methods described above, there have been obtained preparations 
of y:-globulin in excess of 95 per cent purity, as judged by electrophoresis 
from pastes that have undergone relatively long storage. Sedimentation 
analysis of the protein shows the following general distribution into light 
and heavy components: 8:0. = 7 Svedberg units represents approximately 
70 per cent, and 82. = 18 Svedberg units approximately 30 per cent of the 
protein. The light component is made up of two subcomponents with 
sedimentation constants so. = 7 Svedberg units and 80. = 9 Svedberg 
units. The 820. = 18 Svedberg units component associated with purified 
y:-globulin preparations to the extent of 20 to 30 per cent is not found in 
purified y-globulin preparations. The other two components, however, 
have the same sedimentation constant in 1 per cent solution as do the corre- 
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1 kilo Fraction II + III suspended; 
pH 5.1, EtOH 17%, uw 0.01, pro- 
tein 1.5-2.5%. Centrifuge 











i — ? 
| 
Ppt. Fraction II + III residue; 3000 Supernatant; pH 7.0-7.2, 
ml. solution, pH 4.8-5.1 (per kilo); tOH 25%. Centrifuge 
stir 1-16 hrs.; Na:HPO, to pH 5.1. | 
Centrifuge | 
Ppt. y2-globulin Supernatant 
discarded 
Ppt. largely 8-globulin Supernatant; 53.3% ethan- 
ol to 10% concentration. 
Centrifuge 





Ppt. largely 8-globulin Supernatant; Na;,HPO, to pH 
7.7; 53.3% EtOH to 20% 





rc 


| 


Ppt. largely y2-and y-globulin. Sus- Supernatant discarded 
pend in pH 5.1-5.3 solution; stir 
30-60 min.; Na,-HPO, to pH 5.5 ace- 
tate-phosphate ; u 0.005-0.015; 53.3% 
EtOH to 10-14%. Centrifuge 


| 

















¥ | 
Ppt. largely y:-globulin. Suspend in Supernatant; Na,HPO, to pH 
solution; pH 7.7, u 0.05; stir 30 min. 7.2-7.4; 533% EtOH to 
Centrifuge and filter centrifugate 20%. Centrifuge 
| 
r 
| Ppt. largely y2-globulin Supernatant 
| iscarded 
HM aeienatons + 
| | 
Discard ppt. Supernatant; 53.3% EtOH to 
20%. Centrifuge 
i — ——— 
| { 
Ppt. largely y:-globulin Supernatant discarded 


sponding components in y2-globulin preparations. A typical electrophoret- 
ic diagram for such a preparation is shown in Fig. 5. In Fig. 6, A and B, 
are shown the molecular components for the same protein as revealed by 
ultracentrifuge analysis. 
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Immunological Studies—The proteins which have been obtained by the 
new fractionation procedures (Fig. 4 and Table VIII) are of interest be- 





Fic. 5. Electrophoretic diagram of purified y;-globulin 


wate — ne 





Fic. 6, A Fie. 6, B 


Fic. 6. Sedimentation diagram of purified y;-globulin in 0.15 m sodium chloride at 
218,000 times gravity. A, after 15 minutes; B, after 120 minutes. 
































TaBLe IX 
Immunological Titers* of y,- and y2-Globulins 

. ie Influenza A Typhoid agglutinin 
Seperation) ,, Globulin | y1-Globulin | Diphtheria | ' sear — 7 

Hirst protection H 0 

per cent per cent | 

1 | %& | 5& | 04 | 1.0 0.73 0.5 2.7 
23 | 72 | 0.15 0.5 0.3 0.7 15.0 
2 | 97 | %2 | 0.87 0.5 1.5 0.2 0.75 
9 mot | 0.34 | 10 | 25 0.1 7.5 

3} © | 5 | 0.61 | 10 | 07 | 0.25 1.5 
| 4 8 | | 20 | 05 | 0.6 16.0 

4t | 0 5 } 0.004 | 0.25 0 | 0.11 1.5 





* Titers referred to the standard Fraction A66 of Enders (10). 
t This preparation contained 16 per cent albumin. 
t A preparation containing 87 per cent 8-globulin. 


cause of their antibody assay values. Some preliminary immunological 
assays of the +;- and y.-globulins separated from a mixture of these two pro- 
teins are shown in Table LX. 
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A preparation that contained 87 per cent 8-globulin and which had been 
separated from the same starting material as were the ;,- and 7,-globulins 
gave very low antibody titers. The latter titers could be explained on the 
basis of the small amounts of y-globulins present. Extremely interesting 
is the association of the major portion of the typhoid “O” agglutinins with 
the +;-globulin. 

The hemagglutinins of plasma are likewise associated with this y:- 
globulin. A -y- and 72-globulin preparation obtained from a Fraction II + 
III of pooled plasmas of group O and A (anti-8) individuals by the method 
of Melin (11) was separated into 7;- and +2-globulin fractions. With the 
test-tube titer hemagglutinin assay method of Pillemer et al. (12), it was 
found that the dilution titer of a 1 per cent solution of a preparation 93 
per cent in .- and 5 per cent in 7;-globulin was 1:4 as compared to 1:64 for 
a preparation containing 73 per cent of y:- and 18 per cent of y2-globulin. 
An additional y-globulin preparation obtained from the typed Fraction 
II + III by our earlier method (6) that was 95 per cent y2- and 2 per cent 
yglobulin gave a 1:2 ti‘cr when assayed under analogous conditions. The 
titers of such +:-glob- lin preparations thus appear to be due to their 
content of y;-globulin. 

The relation of the higher molecular weight components of our 2- 
globulin preparations to antibody activity has not been determined. 
Kabat (13) has indicated species differences in the molecular weight of 
antibodies, the human pneumococcus antibodies being reported to be 
800 = 7 Svedberg units in contrast to some other animal species. How- 
ever, the reports of Deutsch (14) and Davis et al. (15) indicate that the 
Wassermann antibody may be analogous to our heavier molecular com- 
ponent. It is interesting that such molecular species are present in a se 
called “normal” human serum protein fraction possessing antibody ac- 
tivity, and future studies to elucidate their biological réles are indicated 
and are in progress. 


DISCUSSION 


The y,-globulin appears to be relatively labile in comparison with 
yrglobulin, as judged by stability to heat. However, it has been demon- 
strated that it carries certain of the antibody proteins. This protein has 
sometimes been called 6,-globulin and is in many respects analogous to the 
“T” component of horse hyperimmune sera (4). Since the +-globulin 
prepared in this work, from residues that had undergone long standing at 
low temperature, is free of lipide and cholesterol and has associated with it 
a variety of antibodies, it is biologically and physically in a category with 
normal serum y-globulin. Because of the association of the term 8-globu- 
lin with the lipoproteins of plasma, we feel that the term y;-globulin is to be 
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preferred, and it has been used in this report. Thus, by analogy, the nor- 
mal serum y-globulin is to be designated as y.-globulin. Such a description 
will be less confusing in relating the antibody function of plasma proteins 
to a similar and easily recognizable terminology that has already estab- 
lished the precedent of association of the term y-globulin with antibody 
function. 

Immunologically active proteins similar to the y:- and y2-globulins from 
human plasma apparently have been prepared from bovine serum by 
Smith (16). As already mentioned, similar proteins are present in the 
serum of the horse (4). 

The ¥:-globulin appears to comprise approximately 2 to 3 per cent of the 
normal human plasma proteins. By the method described above, approxi- 
mately 50 to 70 per cent of this protein is obtained in mixture with 7- 
globulin to give a new human plasma protein fraction. While this frac- 
tion as a whole has not been investigated clinically, immunological assay 
data indicate a significant increase in antibody yield. The usual recovery 
of this new y;- plus y2-globulin fraction from a kilo of the Fraction II + III 
paste is approximately 60 gm. of dry protein. This mixture can be sepa- 
rated into its component proteins if desired, with some fractionation losses. 
This brings the over-all yield of y-globulin to approximately 95 per cent if 
our method for preparation of y-globulin, described in Paper III of this 
series (6), is first applied to Fraction II + III. The exact yields in the 
separation of ;- and y-globulin mixtures eventually will be evaluated in 
terms of electrophoretic analysis with known mixtures of y:- and yr 
globulins. 

Detailed biological and physical properties of the purified y:-globulin will 
be described in future reports. 


The raw materials in the form of by-product pastes containing #- and 
y-globulins (obtained in the processing of normal human plasma for albu- 
min) were supplied through the generous cooperation of Dr. F. A. Eberly 
of The Upjohn Company, Dr. J. D. Porsche of Armour and Company, and 
Dr. F. F. Johnson of the Cutter Laboratories. 

The typed Fraction II + III was obtained through the courtesy of the 
Department of Physical Chemistry, Harvard Medical School. 

All immunological assays other than hemagglutinin titers were carried 
out by Dr. J. F. Enders and Miss J. C. Sullivan of the Harvard Medical 
School. We wish to thank these individuals for their generous aid and 
interest. 

We wish gratefully to acknowledge the helpful suggestions of Dr. J. W. 
Williams during the course of this work. 
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SUMMARY 


As a result of investigations having to do with the separation of the 
globulin constituents of normal human plasma, procedures have been 
developed for the isolation of a fraction consisting of two proteins concerned 
with antibody function. The starting material is a by-product protein 
paste from which some normal serum y-globulin has been previously ex- 
tracted. From this new fraction it has been possible to separate a protein 
which we have designated as y,-globulin to differentiate it from the other 
component, the usual y-globulin of normal serum. 

The application of these procedures is also important in that a consider- 
able increase in yield of the proteins of human plasma concerned with 
antibody production results. Thus, the yield of y2-globulin which had 
been already increased from some 50 to 80 per cent by our earlier investiga- 
tions now is brought to the over-all figure of 95 per cent by the successive 
application of the prior and the new conditions in the subfractionation of 
Fraction II + III. The 7;-globulin is also an interesting protein from the 
point of view of its antibody content. 
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PAIRED FEEDING IN THE STUDY OF THE COUNTERACTION 
BY NICOTINIC ACID AND TRYPTOPHANE OF THE 
GROWTH-DEPRESSING EFFECT OF CORN IN RATS 


By HARRY SPECTOR anno H. H. MITCHELL 


(From the Division of Animal Nutrition, University of Illinois, Urbana) 
(Received for publication, May 16, 1946) 


The possibility that a deficiency of certain essential amino acids might 
be a factor in the etiology of pellagra was postulated as early as 1914 by 
Voegtlin (1). Chick and Hume (2) reported in 1920 the production in 
monkeys of symptoms closely resembling those of pellagra by prolonged 
feeding on a diet of low protein content. The administration of trypto- 
phane to one monkey staved off death for many weeks. Some beneficial 
results from the treatment of pellagrins with tryptophane and cystine were 
also observed by Goldberger and Tanner (3). Chick, however, rejected the 
theories that pellagra is due to an amino acid deficiency or to vitamin B, 
deficiency because they did not explain the association of epidemic pellagra 
with maize consumption. She proposed as a theory, ‘Pellagra is caused 
by a toxic substance derived from the maize diet, which can be corrected 
by sufficient ‘good’ protein, or perhaps by sufficient vitamin B,”’ (4). 

Elvehjem and his coworkers (5) demonstrated the specific anti-black- 
tongue activity of nicotinic acid and nicotinamide. Very shortly after, 
nicotinic acid was also successfully used in human pellagra. The work of 
Dann (6) and of others has shown that a dietary source of nicotinic acid is 
not required by the rat. Recently Krehl, Teply, Sarma, and Elvehjem 
(7, 8) reported a growth inhibition in rats, attributable to nicotinic acid 
deficiency, by adding corn or corn grits to a purified diet very low in 
nicotinic acid. This growth retardation could be prevented by trypto- 
phane as well as by nicotinic acid or by an increase in the level of casein. 

It is interesting in this connection that Szymanska and Funk (9) at- 
tributed an appetite-stimulating and weight-preserving action to nicotinic 
acid and the amide. Later, Funk and Funk (10) also reported that 
nicotinic acid, and especially nicotinamide, produced in rats and pigeons 
kept on a diet free of the vitamin B, complex, a much larger food intake and 
better weight compared with the controls. This suggested to Gyérgy (11) 
the supplementation of his vitamin Be-deficient diets with nicotinic acid. 
No difference was observed in the production or progress of the rat acro- 
dynia and in the rate of growth in the experiments. However, ‘the addi- 
tion of nicotinic acid to the diet surprisingly resulted in the complete sup- 
pression of panmyelophthisis, a complication which was a common occur- 

37 








38 GROWTH-DEPRESSING EFFECT OF CORN 


rence in rats kept under the same nutritional conditions but without 
nicotinic acid.” 

More recently Wooley and Sebrell (12) found that young rabbits fed a 
purified ration supplemented with pure vitamin preparations including 
nicotinic acid grew at a nearly normal rate. Rabbits receiving no nicotinic 
acid lost weight and died. However, rabbits fed the diet containing an 
adequate amount of nicotinic acid, but no more food than their litter mates 
receiving the nicotinic acid-deficient ration, died as early as the deficient 
animals and showed similar symptoms. The authors stated, “It is possible 
that the signs and symptoms shown by these rabbits were due to slow 
starvation brought about by anorexia when nicotinic acid was excluded 
from the diet.” 

The possibility that a depression of appetite may account for the effect 
of corn in depressing growth and its counteraction by nicotinic acid or 
tryptophane is an obvious suggestion of the literature cited. The question 


TABLE I 
Results of ad Libitum Feeding Trial 





Standard error 








| | 
Ration | Mani’ | “wagie | meng 
gm. per wk. ' gm. per wk. gm. per wk. 
een Da ec a aces, i. 1 ae 1.0 
“+ 40% corn grits....... 45 8.8 1.4 
7 a 40% - “ + 1.5 mg. % nico- | | 
EAT ae) One eee 80 | 25.3 1.6 
Basal + 40% « corn grits ” 0.1 % U-)- | | 
tryptophane. . ee ee ee | 78 24.4 1.8 








arises, therefore, to what extent is the growth retardation produced due toa 
specific vitamin (or amino acid) requirement, and to what extent is it due 
merely to generalized undernutrition. The distinction between a gener- 
alized undernutrition and a deficiency of nicotinic acid (or tryptophane) 
would be revealed by the use of paired feeding to equalize the food intakes 
of comparative animals. 


EXPERIMENTAL 


In the experiments here reported the conditions described by the Wis- 
consin group were essentially duplicated, employing a paired feeding 
technique as well as ad libitum feeding. The basal ration used had the 
following composition : Labco casein (three times extracted with 95 per cent 
ethanol) 15, sucrose 78, corn oil 3, Salts 4 (13) 4, and cystine 0.15 parts. 
Vitamins were incorporated in the ration at the following levels: thiamine 








jut 


la 
ng 
nic 


tes 
ant 
ble 
ow 


led 


ect 
or 
ion 


rror 
ain 


ik. 


0a 
due 
er- 
ne) 
kes 


ye 


Vis- 
ling 
the 
ent 
rts. 
ine 


H. SPECTOR AND H. H. MITCHELL 









































* “Student,” Biometrika, 6, 1 (1908) . 








Tasie II 
Results of Paired Feeding Trials 
| | oe | Probability 
Rat No. | Supplement to basal ration me ihn, Ee | — | 4 jane 
gm. per wk. | gm. per wk.| gm. per wk. 
1 | None | 34 | 8.2 3.2 | 
- | 40% corn grits | 34 5.0 
3 CO None | 39 10.4 2.3 | 
4 40% corn grits 39 8.1 
5 None 45 15.6 2.8 
6 40% corn grits 45 12.8 
7 None 41 11.2 1.3 
8 40% corn grits 41 9.9 
| None 38 12.5 3.5 
10 | 40% corn grits 38 9.0 
Means | _— None 39 11.6 2.6 | <0.0019 
| 40% corn grits 39 9.0 
Ik} 40% corn grits | 32 5.0 
12 | Same + nicotinic acid 32 6.4 1.4 
13 | 40% corn grits | 35 7.5 
14 | Same + nicotinic acid 35 8.8 1.3 
5 | 40% corn grits 38 8.2 
16 Same + nicotinic acid 38 9.2 1.0 
17 40% corn grits 43 8.2 
18 | Same + nicotinic acid 43 9.4 1.2 
19 | 40% corn grits 37 7.8 
20 | Same + nicotinic acid 37 8.8 1.0 
Means | 40% corn grits 37 7.3 
Same + nicotinic acid | 37 8.5 1.2 | <0.0019 
21 | 40% corn grits | 50 13.5 
22 Same + tryptophane | 50 14.6 1.1 
23 40% corn grits 33 6.8 
24 Same + tryptophane | 3 | 7.3 0.4 
25 40% corn grits °°) a 
26 Same + tryptophane 36 | 8.5 1.1 
27 40% corn grits 37 5.8 
28 Same + tryptophane 37 8.0 2.2 | 
29 40% corn grits 37) |S (9.0 | 
30 Same + tryptophane 37 | 9.0 0 | 
Means | 40% corn grits | 39 | 8.5 
Same + tryptophane 39 9.5 1.0 | 0.031 
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0.2, riboflavin 0.3, pyridoxine 0.25, calcium pantothenate 2.0, choline 
chloride 100, inositol 10, 2-methylnaphthoquinone 0.1, and biotin 0.01 mg. 
per 100 gm., respectively. Halibut liver oil (diluted 1:2 with corn oil) 
was fed at a level of 2 drops per week, with a-tocopherol included at 0.5 
mg. per drop. Synthetic folic acid' was used in place of the norit eluate 
preparation at a level of 11.5 y per 100 gm. of ration. The vitamin and 
cystine levels were maintained in both the basal and corn-supplemented 
rations and the nicotinic acid content of the basal ration was 0.003 mg. 
per 100 gm. by assay with Lactobacillus arabinosus. 

Fifty weanling male litter mate rats ranging in weight from 43 to 48 
gm. were used in the investigation. Five pairs of rats were employed in 
each of three feeding tests involving equalized feeding and five rats in each 
of four groups in the ad libitum feeding tests. A record was kept of the 
food consumption in the ad libitum feeding. The experiments were all 
of 5 weeks duration. The results are summarized in Tables I and II. 

The ad libitum feeding tests reveal that the addition of corn grits to the 
basal ration results in a marked depression of growth associated with a 
decreased food consumption. The addition of nicotinic acid or of tryp- 
tophane to the corn-supplemented ration produced a marked improvement 
in food consumption and a gain in weight corresponding to that obtained 
on the basal ration alone. The paired feeding tests demonstrate that the 
incorporation of nicotinic acid or tryptophane in the corn-supplemented 
ration produced slight but statistically significant greater gains in young 
rats at the same level of food consumption. Thus under the conditions of 
these experiments both nicotinic acid and tryptophane produced a some- 
what more efficient use of the ration for growth. 

In a report which appeared in print after these experiments were initiated 
Krehl et al. (14) observed that the animals fed the corn-supplemented ration 
developed a rough fur coat with occasional alopecia and an accumulation 
of a reddish exudate of porphyrin-like material, as originally described by 
Chick, Macrae, and Worden (15), in animals deprived of the filtrate- 
fraction, on the paws, around the nose, and on the tail. These symptoms 
also developed in our experiments among those rats receiving the basal 
ration plus corn grits, and were prevented by either nicotinic acid or tryp- 
tophane both in the ad libitum tests and in the paired feeding tests. 


DISCUSSION 


The paired feeding tests demonstrate that mogt of the marked stimulation 
in growth produced by the nicotinic acid or tryptophane supplements to 
the corn grits ration was associated with an increased caloric intake. 


1 We wish to thank Dr. E. L. R. Stokstad of the Lederle Laboratories, Inc., Pearl 
River, New York, for kindly supplying us with synthetic folic acid. 
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When the caloric intakes were equalized the growth stimulation of these 
supplements was reduced from 16 gm. per week to an average of 1.0 to 
1.2 gm. Even the depression in growth induced by the addition of 
40 per cent corn grits to the basal ration largely disappears when the 
rations are compared on the equicaloric basis, decreasing from an average 
of 16.7 gm. gain per week to one of 2.6 gm. The latter figures may be 
taken to represent the inherent effect of the dietary modifications imposed, 
uncomplicated by associated effects upon appetite. But the- reality of 
these differences in inherent growth-promoting value, however small, 
seems established by the paired feeding tests, though no data are available 
to judge to what extent these differences may be due merely to differences 
in water and fat contents of the carcasses of the test animals. 

Taking at their face value these stimulations in growth on equicaloric 
intakes of food induced by the nicotinic acid or tryptophane supplement 
to the corn grits diet, it seems unnecessary to attribute them to changes 
induced in the synthetic activities of the microorganisms of the intestinal 
tract, since in ad libitum feeding tests Krehl and associates (14) secured 
similar results with nicotinic acid and tryptophane supplements whether 
administered to the experimental rats by mouth or subcutaneously. 
They can more reasonably be associated with functions outside the sphere 
of tissue protein synthesis. Individual amino acids are precursors of 
hormones and in other guises may enter into reactions in which vitamins 
also participate. A case in point is the association of methionine and cho- 
line in transmethylation reactions and in preserving normal hepatorenal 
functioning. Either methionine or choline may rectify the deleterious 
effects of a low level of dietary protein containing a low concentration of 
methionine. This analogy suggests a similar relationship between nico- 
tinic acid and tryptophane when the dietary intake of both is low. Under 
these conditions the ability of the rat to synthesize nicotinic acid may be 
inadequate to meet the situation, just as its ability to synthesize choline 
may be inadequate when the methionine intake is low. Tryptophane may 
substitute for nicotinic acid, just as methionine may substitute for choline. 
In fact, in the pig, an animal whose ability to synthesize nicotinic acid is 
absent or negligible, a high protein diet may largely obviate the need for a 
dietary source of nicotinic acid, conceivably because of the excess tryp- 
tophane thus provided (16). The biological function, whatever it may 
prove to be, in which nicotinic acid and tryptophane may participate 
interchangeably, seems to be associated with the maintenance of a normal, 
healthy alimentary tract upon which a normal appetite depends. 

Rosen, Huff, and Perlzweig (17) in a recent note reported a drop in 
urinary excretion of nicotinic acid by adult rats when casein was replaced 
by gelatin, and an increase in nicotinic acid excretion on addition of 50 
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mg. of tryptophane either orally or subcutaneously. They interpret these 
observations to indicate that tryptophane may be the important precursor 
of nicotinic acid synthesis in the rat. These data may also be interpreted 
as indicating a sparing action of nicotinic acid by tryptophane. Singal 
et al. (18) found a sharp decrease in the urinary nicotinic acid of rats placed 
upon the low protein, corn grits diet of Krehl et al. (7). The addition of 
1.0 mg. per cent of nicotinic acid or the increase of the casein content of the 
diet to 20 per cent (which counteracts the growth depression induced by 
addition of corn) did not alter the amount of nicotinic acid excreted. When 
0.5 per cent / (— )-tryptophane was included in the diet, a large increase was 
observed in urinary nicotinic acid which, upon acid hydrolysis but not 
alkaline hydrolysis, was increased further some 2- to 3-fold. 

Briggs (19) has reported that the addition of 10 per cent gelatin to a diet 
which contains 18 per cent casein caused a marked depression in the growth 
rate of chicks and caused the production of typical nicotinic acid deficiency 
symptoms. All inhibitory action was counteracted by supplementing with 
either 5 mg. of nicotinic acid or with 200 mg. of di-tryptophane per 100 
gm. of diet. Ina previous report, Briggs and other (20) found that chicks 
receiving the basal ration synthesized only about one-sixth of their total 
nicotinic acid requirement. Feeding of succiny] sulfathiazole revealed 
that little or no intestinal synthesis of nicotinic acid occurs in chicks re- 
ceiving a purified diet. 


SUMMARY 


The addition of as much as 40 per cent of corn grits to a basal diet low in 
nicotinic acid and containing 15 per cent of casein depresses the food con- 
sumption of growing rats and the rate of growth. The depression of 
growth is largely, but not entirely, due to the depression of the desire for 
food, since it still occurs when the caloric intake of the animals on the 
basal diet alone is restricted to that of the animals on the corn grits ration. 

The addition of either nicotinic acid or of tryptophane to the corn grits 
ration induces a resumption of growth in the rats consuming it, largely, but 
not entirely, associated with a concomitant increase in food consumption. 

It is concluded from these and other observations reported in the liter- 
ature that the inherent physiological effects of nicotinic acid and trypto- 
phane, not dependent upon an increase in the intake of food, are probably 
not related to a modification in the synthetic capacities of the body or of the 
microorganisms of the intestinal tract, but possibly to some unknown 
function in the body in which nicotinic acid and tryptophane participate 
interchangeably, analogous to the interchangeable relations in metabolism 
of choline and methionine. 
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THE OXIDATION OF CATECHOL BY TYROSINASE 
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Several investigators (1-5) have concluded that the complete oxidation 
of catechol in the presence of tyrosinase requires only 2 atoms of oxygen 
per molecule. We have reinvestigated this enzymic reaction and have 
found the consumption of oxygen to be dependent upon the conditions of 
the experiment. Under some circumstances, it may be as high as 3 atoms 


per molecule. 
EXPERIMENTAL 


The oxygen consumption measurements were made with Barcroft 
differential type manometers fitted with side arm flasks of approximately 
18 ml. capacity. The total volume of fluid in each flask was always 
brought to 3.0 ml. by varying the quantity of buffer solution added to the 
main compartment of the flask. The tyrosinase was diluted with water 
until 0.5 ml. contained the desired concentration of the enzyme and this 
quantity was then delivered into the side arm of the flask. After introduc- 
tion of the solutions, the manometer flasks were immersed in a water bath 
at 25.6° and flushed out with water-saturated oxygen for 5 minutes while 
shaking at a rate of 110 oscillations per minute. After closing the mano- 
meters, 5 minutes were allowed to assure equilibrium. The enzyme was 
then tipped from the side arm and the measurement of the rate of the 
reaction begun. 

The volumes of the flasks and manometer tubes were determirfed from 
the weight of mercury required to fill them and the conversion factors 
for O. and CO; calculated according to Dixon (6). As a further check the 
CO, factors were determined by tipping an excess of H,SO, on a known 
amount of NaHCO;. The greatest difference between any pair of the 
CO, factors determined by the two methods was less than 2 per cent. 
The 1.0 ml. pipette used to measure the catechol solutions delivered with 
an error of less than 0.5 per cent. 

Two tyrosinase preparations were employed in this study. The first 
(enzyme 1) was made by extracting the natural substrate from frozen, 
ground mushrooms (7). The subsequent steps followed were those de- 
scribed by Ludwig and Nelson (4) to the point at which our preparation 
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corresponded to their Preparation C101A. It initially contained 311 
catecholase units per ml., or 104 units per mg. of dry weight, as determined 
by the chronometric method of Miller et al. (7). At the time it was 
employed in this study some months later, it contained 273 catecholase 
units per ml., or 90 units per mg. of dry weight. Enzyme II was obtained 
by following the directions of Ludwig and Nelson (4) throughout and again 
corresponded to their Preparation C101A. It contained 96.5 catecholase 
units per ml., or 121 units per mg. of dry weight. This enzyme was used 
within a few days of its preparation. 

The catechol was obtained from the Eastman Kodak Company, and 
melted at 104-105° (corrected). 
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Fic. 1. The oxygen consumed during the enzymic oxidation of 0.73 mg. of catechol 
with increasing quantities of tyrosinase. The number of catecholase units is indi- 
eated for each curve. MclIlvain’s phosphate-citrate buffer was used (pH 5.1). 


Results 


The measurement of the oxygen consumption during the enzymic oxida- 
tion of catechol was carried out in a series of experiments in which enzyme 
concentration, catechol concentration, and pH were systematically varied. 

Fig. 1 shows the results obtained when the enzyme concentration was 
varied from 2.1 to 137 catecholase units per 3 ml., while the amount of 
catechol was fixed at 0.73 mg. and the pH at 5.1. The total oxygen con- 
sumed increased from 57 c.mm. with 2.1 enzyme units to 188 c.mm. with 








311 
ined 


blase 
ined 
Zain 
lase 


and 


101 
di- 





C. I. WRIGHT AND ft. S$. MASON 47 


17 units. With 137 units, 180 c.mm. were consumed. The volumes of 
oxygen utilized at each enzyme concentration, as shown in Fig. 1, were 
recalculated in terms of atoms of oxygen consumed per molecule of catechol. 
The data so obtained, up to 34 units of enzyme, are plotted in Fig. 2. The 
atoms of oxygen consumed increased rapidly to 2.5 with approximately 
10 units of enzyme. Further increase in the concentration of enzyme 
resulted in no further increase in the oxygen taken up.' 

The results obtained with fixed enzyme concentration and varying 
concentrations of catechol at different hydrogen ion concentrations are 
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Fic. 2. Atoms of oxygen consumed per molecule of catechol as a function of 
catecholase units in 3 ml. of reaction volume. 


shown in Figs. 3, 4, and 5. The enzyme concentration was fixed in these 
experiments at 41 units because at this value it was unlikely that the total 
oxygen consumed would be a critical function of the enzyme concentration 
(Fig. 2). The upper graph in Fig. 3 shows the results obtained at pH 3.1. 
Only 0.36 atom of oxygen was consumed per molecule of catechol oxidized, 
but the enzyme was found to be rapidly inactivated at this hydrogen ion 


1 After this manuscript was completed, a sample of tyrosinase was kindly furnished 
us by Dr. Irwin Sizer. This sample was described as containing 2750 chronometric 
eatecholase units per ml., or per 2.3 mg. of extractive solids. The experiments de- 
scribed in Figs. 1 and 2 were repeated with this preparation. The number of atoms 
of oxygen consumed per molecule of catechol reached 2.58 at 34 units of enzyme. 
Higher concentrations of enzyme gave the same value. 
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concentration. This inactivation was proved by the addition of more 
catechol from the second side arm of the manometer flask without further 
consumption of oxygen. At each of the other hydrogen ion concentrations 
the enzyme was shown to be active at the conclusion of the experiments, 
The lower graph in Fig. 3 shows the results obtained at pH 4.5. The 
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Fic. 3. The oxygen consumed in the oxidation of increasing concentrations of 

eatechol at pH 3.1 and 4.5, with enzyme concentration fixed at 41 catecholase units. 

Reading from the lowest curve up, the amounts of catechol used per 3 ml. of reaction 

volume were 0.18 mg., 0.37 mg., 0.73 mg., 1.10 mg., and 1.46 mg. Mcllvain’s phos- 

phate-citrate buffer was used. The atoms of oxygen consumed per molecule of cate- 
chol are indicated for each curve. 





number of atoms of oxygen consumed per molecule of catechol varied 
between 2.45 and 3.05. The highest value was obtained with the lowest 
concentration of catechol. 

In order to prove that the number of atoms of oxygen consumed was 
not a characteristic peculiar to the enzyme initially employed, two prepara- 
tions were used to obtain the data illustrated in Fig. 4. The data given 
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in the left half of the figure were obtained with enzyme I. The atoms of 
oxygen consumed per molecule of catechol varied between 2.46 and 2.88. 
In the right half of the same figure are the data obtained with enzyme II. 
The atoms of oxygen consumed per molecule of catechol varied in this case 
between 2.47 and 2.80. The experimental conditions for these two sets 
of data were the same, except for the enzyme preparation, and the results 
were identical. 
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Fic. 4. The oxygen consumed in the oxidation of increasing concentrations of 
catechol by two enzyme preparations at pH 5.1 (McIlvain’s buffer). The concentra- 
tion of enzyme I was 41 catecholase units per 3 ml. and the concentration of enzyme II 
was 39 catecholase units per 3 ml. Reading from the lowest curve up, the amounts 
of catechol per 3 ml. were 0.11, 0.18, 0.37, 0.73, 1.10, and 1.46 mg. 


Fig. 5 shows the results obtained at pH 7.0 and at pH 7.9. It was 
found necessary at these hydrogen ion concentrations to extend the dura- 
tion of the measurements because a slow but appreciable oxidation pro- 
ceeded for hours after the initial rapid reaction. At pH 7.0, the atoms 
of oxygen consumed per molecule of catechol at 46 minutes varied between 
1.98 and 2.37; at 30 hours these values varied between 2.35 and 3.35. At 
pH 7.9 the atoms of oxygen consumed at 55 minutes varied between 1.97 
and 2.34; at 36 hours these values then varied between 2.34 and 3.01. 
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Again, the highest consumption of oxygen per molecule of catechol was 
obtained with the lowest concentrations of catechol. 

The experiments reported above were controlled by adding 41 units of 
enzyme to the buffer (pH 7.0) in the absence of catechol. No significant 
oxygen consumption was observed over a period of 7 hours. As a further 
control, to obviate the possibility of the oxidation of citrate, an experiment 
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Fic. 5. The oxygen consumed in the oxidation of increasing concentrations of 
catechol at pH 7.0 and at 7.9 (McIlvain’s buffer), with enzyme concentration fixed 
at 41 catecholase units per3 ml. Reading from the lowest curve up, the amounts of 
catechol per 3 ml. were 0.18 mg., 0.37 mg., 0.73 mg., 1.10 mg., and 1.46 mg. The 
atoms of oxygen consumed per molecule of catechol are indicated at approximately 50 
minutes and again at the termination of the experiment. 
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was carried out with phosphate buffer at pH 5.1. The results of this 
experiment and a simultaneous experiment with citrate-phosphate buffer 
at the same pH are shown in Fig. 6. While the kinetics of the two reac- 
tions differed, the numbered atoms of oxygen consumed per molecule of 
catechol were approximately the same at 145 minutes. 


DISCUSSION 


Fig. 2 shows that with fixed catechol concentration (0.73 mg. per 3 ml.) 
the amount of oxygen consumed increases with the amount of enzyme used, 
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up to 2.5 atoms with 10 units. Beyond 10 units there is no further increase 
in oxygen utilization. The first part of this curve corroborates Graubard 
and Nelson (8, 9) who showed that, within limits, by increasing the amount 
of enzyme a greater quantity of oxygen was consumed. The results 
they obtained did not, however, reach 2.0 atoms of oxygen per molecule 
of catechol. Robinson and McCance (1) in a single experiment showed 
that under the conditions employed 2 atoms of oxygen were consumed 
per molecule. The same value was later obtained by Wagreich and Nelson 
(2), Dawson and Nelson (3), Ludwig and Nelson (4), and Kubowitz (5). 
However, none of these authors published a systematic study of the effect 
of varying enzyme and catechol concentration upon the total consumption 
of oxygen. 

The low consumptions of oxygen at pH 3.1 (Fig. 3) are the results of 
the inactivation of the enzyme and confirm the findings of Graubard and 
Nelson (8). 

By comparing the results in Figs. 3, 4, and 5 it may be noted that as 
the pH was increased the initial rate of oxidation was increased, but the 
time required for complete oxidation was increased. It seems therefore 
that, of the reactions involved in the complete oxidation of catechol by 
tyrosinase, at least one is accelerated by increasing the concentration of 
hydroxy] ions, while another is accelerated by increasing the concentration 
of hydrogen ions. Furthermore, these reactions are rate-determining 
steps in the over-all oxidation. 

From the results as a whole, it may be seen that two conditions lead to 
high consumption of oxygen per molecule of catechol. These are high 
enzyme concentration and low catechol concentration. Figs. 3, 4, and 5 
show that the highest oxygen consumptions per molecule of catechol were 
found when the lowest concentrations of catechol were used. It may be 
pointed out that our ratios of enzyme to substrate concentration were, in 
every instance of complete oxidation, greater than in any previously 
reported. Some other possibilities may be advanced to explain our rela- 
tively high values for oxygen consumption. One is that some oxidizable 
substance has been added with the enzyme. This, however, seems to be 
precluded by the fact that the addition of 13 times as much enzyme as is 
required for the consumption of 2.5 atoms of oxygen per molecule of 
catechol does not further increase this value (Fig. 1). Another possibility 
is that the citrate of the buffer was oxidized by the tyrosinase-catechol 
system. This also seems unlikely because the enzymic oxidation of 
catechol in the absence of citrate (Fig. 6) resulted in the consumption of 
2.5 atoms of oxygen. Furthermore, the addition of 41 units of enzyme to 
phosphate-citrate buffer in the absence of catechol resulted in no significant 
consumption of oxygen. 
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52 OXIDATION OF CATECHOL BY TYROSINASE 


Fig. 6 illustrates that the rates of the reaction in the two buffer systems 
were different. The rate of oxidation in phosphate buffer changed sharply 
at a consumption of approximately 1 atom per molecule of catechol. A 
similar but much more pronounced change has been observed by Dawson 
and Nelson (3) and interpreted by them (10) as due to a slow hydration 
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Fig. 6. The effect of type of buffer on the rate and total oxygen consumption in 
the enzymic oxidation of catechol at pH 5.1. In the experiment indicated by + 
Mcllvain’s buffer and 0.72 mg. of catechol were used with 14 catecholase units; in the 
experiment indicated by @ the buffer was 0.2 m NaH,PO,-Na-HPO,, and 0.75 mg. of 
catechol was used with 14 catecholase units of enzyme. The atoms of oxygen con- 
sumed per molecule of catechol are indicated for each curve. 


of o-benzoquinone at pH 5 in dilute solutions. Since only the nature of the 
buffer was changed in the experiments illustrated in Fig. 6, it is evident 
that a change of rate at 1 atom may also be produced by a change in the 
buffer system. 

The fact that more than 2 atoms of oxygen were consumed during the 
complete enzymic oxidation of catechol, together with the failure to detect 
hydroxy-p-quinone spectroscopically during this oxidation (11), is not 
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consistent with the mechanism of oxidation proposed by Wagreich and 
Nelson (2). We have also determined the oxygen consumed during the 
enzymic oxidation of hydroxyhydroquinone and have found that 2 atoms 
are utilized per molecule. These results, together with others bearing 
upon the mechanism of the enzymic oxidation of catechol and hydroxyhy- 
droquinone, will be published in subsequent papers. 


SUMMARY 


1. The oxygen consumed during the oxidation of 0.73 mg. of catechol in 
the presence of tyrosinase was dependent upon the concentration of 
enzyme, only up to 3.3 catecholase units per ml. Further increase in 
enzyme concentration produced no further increase in oxygen consumption. 

2. The number of atoms of oxygen consumed during the complete 
oxidation of a molecule of catechol in the presence of tyrosinase was 
dependent upon the concentration of catechol, being highest at the lowest 
concentration. 

3. The kinetics of the oxidation of catechol in the presence of tyrosinase 
is dependent upon the hydrogen ion concentration and upon the nature 
of the buffer. 

4. Under the conditions of pH, catechol concentration, and enzyme 
concentration employed, the values for the number of atoms of oxygen 
consumed during the complete enzymic oxidation of a molecule of catechol 
varied between 2.34 and 3.35. 


We wish to thank Anne H. Wright for technical assistance in the conduct 
of the manometric measurements. 
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THE VITAMIN Bs GROUP 


VIII. BIOLOGICAL ASSAY OF PYRIDOXAL, PYRIDOXAMINE, AND 
PYRIDOXINE* 


By P. 8. SARMA, ESMOND E. SNELL, anv C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison) 


(Received for publication, May 23, 1946) e 


Though various chemical and microbiological methods have been de- 
veloped for the estimation of vitamin Bs in whole (2-4) or in part (5), 
animal assays are still necessary for testing the accuracy of these new 
methods as they apply to animal nutrition. It is also important that the 
relative potency of pyridoxine, pyridoxamine, and pyridoxal for animals 
be known. Two different purified rations have been used most frequently 
for the rat assay. The one devised by Dimick and Schre fler (6), besides 
containing the usual purified constituents of a basal ration, also contains 
beef liver extract, while the one employed by Conger and Elvehjem (7) 
contains a fullers’ earth filtrate of a butanol extract of 1:20 liver powder. 
In either case, the crude extracts contribute a definite but variable amount 
of vitamin B, to the basal ration and hence their use constitutes a distinct 
disadvantage. Further, neither of these two rations allows maximum 
growth in rats when supplemented with large amounts of vitamin Beg. 
Clarke and Lechycka (8) have described a biological assay for vitamin Beg 
in which rats were kept on the deficient diet for a period of 4 weeks or 
more before feeding supplements containing the vitamin. Since the newer 
members of the vitamin B complex like biotin, inositol, and synthetic folic 
acid are now available, the present investigation was initiated with the 
object of devising a vitamin Be-free ration which would permit the mini- 
mum possible growth of rats on the deficient diet and the maximum growth 
when optimum amounts of vitamin Bg were added. 


EXPERIMENTAL 


The basal ration originally employed for the production of vitamin Be 
deficiency in rats consisted of carbohydrate 75 per cent, protein 18 per cent, 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. This work was supported in part by grants from the Wander 
Company, Chicago, Illinois. We are indebted to Merck and Company, Inc., Rah- 
way, New Jersey, for the generous supply of crystalline B vitamins, to the Lederle 
Laboratories, Inc., Pearl River, New York, for synthetic folic acid, and to the Abbott 
Laboratories, North Chicago, Illinois, for the generous supply of haliver oil. For 
Paper VII of the series see (1). 
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corn oil 3 per cent, Salts 4 (9) 4 per cent, and optimum amounts of thiamine, 
riboflavin, calcium pantothenate, choline chloride, 2-methyl-1 ,4-naphtho- 
quinone, inositol, nicotinic acid, and biotin. Male weanling rats (Sprague- 
Dawley) 21 days old, weighing 35 to 40 gm., were employed for these 
experiments. At least three animals were placed in each group and experi- 
ments on many groups were repeated several times in order to confirm the 
results. The values given in Tables I to V represent the average weight 
gain in gm. per week for the three animals of each group over a period of 
4 weeks. 

Several different carbohydrates and proteins were tried with the object 
of devising a ration which would permit the minimum growth gain in the 
absence of vitamin Bs. The results are given in Table I. When the diet 


TaBie I 
Growth of Rats on Various Vitamin B,-Deficient Diets 

















st Carbohydrate Protein roy = 
; of 4 wks. growth 
gm. 
1 Sucrose 18% casein (Smaco) 9 (6-11) 
2 ” 18% blood fibrin 5 (4 5) 
3 . 9% casein (Labco) + 9% blood fibrin 6 (5-7) 
4 via 10% egg albumin + 10% casein (Smaco) 10 (9-12) 
5 Dextrin 18% casein (Smaco) 23 (16-28) 
6 a 18% fibrin 18 (16-19) 
7 Glucose 18% casein (Smaco) 9 (7-11) 
8 Dextrin 18% =“ " + 0.5% sulfathalidine 10 (6-16) 
0.025 mg.% synthetic folic acid 
9 Same as (8) + 50 y pyridoxine HCl per 100 gm. ration 23 (22-23) 





contained sucrose as the carbohydrate and casein (Smaco) as the protein, 
the rats grew 9 gm. per week. When blood fibrin was substituted for 
casein the rate of gain was reduced to 5 gm. per week. This difference in 
growth was greater than could be accounted for by the fact that casein 
(Smaco) at 18 per cent level contributed 4.7 y of vitamin B, per 100 gm. 
of ration, as compared to only 1.0 y for blood fibrin as determined by the 
yeast growth method (3). The results with glucose were similar to those 
with sucrose, but when dextrin was used a remarkable increase in growth 
resulted, even though the dextrin by yeast assay contained only 0.04 y per 
gm. of vitamin Bs. Dextrin is known to stimulate intestinal synthesis 
(10, 11) and it was therefore thought that with dextrin as the carbohydrate 
the intestinal flora produced more vitamin Bs which was subsequently 
utilized by the rat. Several experiments indicated that this is a plausible 
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explanation. Sulfathalidine, which is known to inhibit the growth of 
certain intestinal microorganisms, was added to the dextrin ration at 0.5 
per cent level together with biotin and synthetic folic acid. The rate of 
growth was markedly decreased. The addition of 50 y of pyridoxine 
hydrochloride per 100 gm. of ration restored the rate of growth to the 
original level. 

Results from analysis of the urine excreted by rats maintained on sucrose 
and dextrin rations also confirmed the above observations. Lepkovsky 
and Nielsen (12) and later Miller and Baumann (13) have shown that the 
amount of xanthurenic acid excreted in the urine by rats kept on a diet 
rich in tryptophane depended on the vitamin Bg present in the diet. More 
xanthurenic acid is excreted when the diet is deficient in vitamin Bs. Huff 
and Perlzweig (14) and later Johnson et al. (15) have shown that 4-pyridoxic 
acid is the main metabolic product of vitamin Bs appearing in human 
urine. In our experiments the rats were placed in metabolism cages fitted 





TaBLe II 
Urinary Excretion Studies on Vitamin Be-Deficient Diets 
Se iapiicmndeniecitinekineatbacid 
| 4-Pyridoxic acid excreted | Xanthurenic acid excretion 
| during 24 hrs. per gm. food ingested 





Sucrose-basal + 18% fibrin......| 36 815 
5A 267 


| 
j 7 
| 


Dextrin-basal + 18% ‘“ ...... | 





with glass funnels, and urine was collected for a period of 24 hours. Xan- 
thurenic acid was estimated in a suitable aliquot of the urine sample, essen- 
tially according to the method of Miller and Baumann (13). After the 
conversion to lactone, 4-pyridoxic acid was estimated fluorometrically in 
the Coleman photofluorometer (14). The results, given in Table II, 
show that more 4-pyridoxic acid and less xanthurenic acid are excreted 
by animals on the dextrin diet than by those on the sucrose diet, indi- 
eating that the former animals are obtaining more vitamin Bs than the 
latter. Since the two rations are equally deficient in vitamin Be, the 
supposition is that the intestinal flora are stimulated to produce the extra 
vitamin B, in animals fed the dextrin diet. 

From these results it is evident that dextrin cannot be used as a source 
of carbohydrate in the deficient ration and that blood fibrin is better than 
casein as the protein component of the ration. Experiments to determine 
the influence of biotin, inositol, and folic acid on the growth of rats receiving 
this deficient ration were carried out next. The results are given in Table 
III. Folic acid did not have any significant effect when added at a level 
of 25 y per 100 gm. of ration. However, on rations with casein as the pro- 
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tein, the addition of biotin and inositol appeared to have a slight stimu- 
lating effect. These substances were consequently added to all the subse- 
quent deficient rations. 

The diet finally selected for the bioassay of vitamin Bg has the following 
composition: sucrose 75 gm., blood fibrin 18 gm., Salts 4, 4 gm., corn oil 
3 gm., thiamine 0.2 mg., riboflavin 0.3 mg., nicotinic acid 2.5 mg., calcium 
pantothenate 2 mg., 2-methyl-1 ,4-naphthoquinone 1 mg., inositol 10 mg., 
choline chloride 100 mg., and biotin 0.01 mg., per 100 gm. of diet. Halibut 
liver oil diluted 1:2 with corn oil was fed at a level of 2 drops per week, 
with a-tocopherol included at 0.5 mg. per drop. After a depletion period 


TaB_eE III 


Influence of Biotin, Inositol, and Synthetic Folic,Acid on Growth of 
Vitamin By-Deficient Rats 














Growth gain per 
growth 
gm. 
1 Sucrose-basal + 18% casein without inositol and biotin 7 (6 8) 
2 Same as (1) + inositol, 10 mg. per 100 gm. 8 (7-8) 
3 “ “ (1) + biotin, 20 y per 100 gm. 8 (7-10) 
4 ** (1) + inositol and biotin 9 (8-10) 
5 Sucrose-basal + 18% fibrin + biotin + inositol 5 (45) 
6 Same as (5) + p-aminobenzoic acid + synthetic folic 5 (47) 
acid, 25 y per 100 gm. ration 
7 Sucrose-basal + 18% fibrin + 50 y per 100 gm. pyridoxine 20 (18-21) 
HC] with inositol and biotin 
8 Same as (1) + synthetic folic acid, 25 y per 100 gm., + 21 (18-24) 
p-aminobenzoic acid + 50 y per 100 gm. pyridoxine HCl 





of 2 weeks, the rats are weighed, divided evenly with respect to weights 
into groups of three, and placed on diets containing different amounts of 
vitamin Bs. Fig. 1 shows the average weight gain per week plotted against 
increasing concentration of pyridoxine hydrochloride in the ration. The 
growth response is approximately linear up to 75 y of pyridoxine hydro- 
chloride for 100 gm. of diet. Twice this amount was required to permit 
maximum growth of over 30 gm. per week. 

Comparison of Activities of Pyridoxine, Pyridoxamine, and Pyridozal— 
Snell and Rannefeld (16) compared the activities of the members of the 
vitamin Bs group by feeding them orally, separate from the ration, to 
deficient rats. They found that pyridoxine, pyridoxamine, and pyridoxal 
possessed equal activities within the limits of experimental error. Miller 
and Baumann (17) later reported that pyridoxamine and pyridoxal were 
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much less active than pyridoxine for mice and rats. The vitamin supple- 
ments in their experiments were added to the ration, a procedure which 
they found did not result in any destruction of pyridoxamine or pyridoxal. 
Luckey et al. (18) in experiments with chicks also found pyridoxamine and 
pyridoxal less active than pyridoxine. In view of these conflicting results 
the following experiments were carried out to test the potencies of the three 
compounds. Pyridoxine hydrochloride, pyridoxamine dihydrochloride, 
and pyridoxal hydrochloride were administered by three different methods. 
In one group the three compounds were each mixed in 100 gm. of ration 
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PYRIDOXINE HYDROCHLORIDE (¥/100 GM. RATION) 
9 25 50 % 100 125 130 








Fic. 1. Growth response of rats to pyridoxine hydrochloride on the improved 
ration. 


at equimolar levels equivalent to 50 y of pyridoxine hydrochloride. In 
the second group, the rats were fed daily molar supplements equivalent to 
57 of pyridoxine hydrochloride by dropper. In the third group, these 
same amounts were injected intraperitoneally. The results (Table IV) 
show a marked decrease in the growth of rats on pyridoxamine and pyri- 
doxal when fed in the ration, whereas all compounds were equally active 
when fed by dropper or by intraperitoneal injection. Similar results 
(Table IV) were obtained with chicks. Day-old white Leghorn chicks were 
fed the deficient ration (Table IV, foot-note) and were kept in heated 
cages with raised screen bottoms, seven chicks being used in each group. 


a ene 








60 BIOASSAY OF VITAMIN Bg. VIII 


All the chicks on the deficient diet died in 2 weeks without gaining any 
appreciable weight. The results obtained when pyridoxine, pyridoxamine, 


TasBie IV 

Comparison of Activities of Pyridoxine Hydrochloride, Pyridoxamine Dihydrochloride 
y ’ 

and Pyridozal Hydrochloride 


Average weight of chicks* at 3 wks, 








Average weekly gain of rats in gm. | in gma. 
| SE 
| r 
Intra- | Fed by | ‘ntra- 
| In ration, | pn by peritoneal | In ration, | dropper, | = 
Sy per | 5 ma apd | injection, | 100 y per i y per $y — 
100 gm. | per day gi ly Ao 100 gm. c a | chick per 
| | day 
Pyridoxine HC! {| 2 | 2 | 2 | im | 106 | an 
Pyridoxamine — 2H{C! | | | | 
(equimolar)... Seanad 16 | 21 | 21 74 103 | «(107 
Pyridoxal HC! 4 23 26 «| 91 00 en ee 0 





* The basal ration used for the production of vitamin Bg deficiency in chicks had 
the following composition: cerelose 61 gm., blood fibrin 18 gm., gelatin 10 gm., Salts 
4, 5 gm., CaHPO,-2H,0 1 gm., l-cystine 0.3 gm., thiamine hydrochloride 0.3 mg., 
riboflavin 0.6 mg., calcium pantothenate 2.0 mg., choline chloride 150 mg., nicotinic 
acid 5.0 mg., biotin 0.02 mg., inositol 100.0 mg., synthetic folic acid 0.125 mg., vita- 
min D, 0.004 mg., a-tocopherol 0.03 mg., 2-methyl-1,4-naphthoquinone 0.05 mg., 
vitamin A 17001.u. This ration differed from the one used by Luckey et al. (18) in 
that cerelose replaced dextrin and synthetic folic acid was substituted for norit 
eluate of 1:20 liver powder. 














TABLE V 
Comparative Activities for Rats of Pyridoxine Hydrochloride and Synthetic 
Codecarborylase 

In ration Intraperitoneal injection 
Aaneunt heme gle Aancunt Average gain 

fed* and range | injected* and range 

100 gm. gm. per wk. pk nag ng gm. per wk 
Pyridoxine HCl... 40 16 (12-20) 2.5 15 (14-16) 

Synthetic codecarboxylase (pyridoxal | 

phosphate)... -.--| 1% 11 (10-12) 7.8 15 (14-18) 


* The preparation of pyridoxal phosphate used contained 32 per cent of pyridoxal, 
and was consequently used at levels equimolar with pyridoxine. The barium present 
was removed as barium sulfate before administration. 


and pyridoxal were mixed in 100 gm. of ration at a level of 100 y, given 
by dropper at 7.5 y per chick per day and injected intraperitoneally, at the 
same level are given ‘in Table IV. There was a marked decrease in the 
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growth of chicks in the first group when pyridoxal and pyridoxamine were 
mixed in the ration, while the growth was approximately the same in all 
eases in which vitamin supplements were fed by dropper or injected intra- 
peritoneally. The lower activity of pyridoxal and pyridoxamine when fed 
in the ration cannot be attributed to destruction during storage, since yeast 
assays on the amounts of vitamins present in the rations under the storage 
conditions used (not more than 10 days at 4°) showed no destruction of 
pyridoxine, pyridoxal, or pyridoxamine. 

Codecarboxylase (phosphorylated pyridoxal), which has been synthesized 
and purified as the barium salt by Gunsalus and coworkers (19), was com- 
pared with pyridoxine hydrochloride for its relative activity for the rat. 
The coenzyme,! which contained 32 per cent of pyridoxal after hydrolysis 
as determined by spectrum analysis (19), was mixed with the ration or 
injected intraperitoneally in quantities calculated to furnish amounts of 
pyridoxal equimolar with the pyridoxine supplied to the control groups. 
The results are given in Table V. Like pyridoxal hydrochloride, code- 
carboxylase was less active than pyridoxine when mixed in the ration, but 
had the same activity as pyridoxine when injected intraperitoneally. 


DISCUSSION 


Snell (5) showed by differential microbiological assay methods with yeast 
(Saccharomyces carlsbergensis), Streptococcus faecalis, and Lactobacillus 
casei that natural materials contain varying proportions of pyridoxine, 
pyridoxamine, and pyridoxal. These compounds possess equivalent activi- 
ties towards yeast and also towards animals, if fed by a dropper or by in- 
jection. However, if the supplements are mixed in the ration, pyridox- 
amine and pyridoxal show considerably less activity than pyridoxine for 
both rats and chicks. The explanation for these results is at present un- 
known. A possible explanation is that pyridoxal and pyridoxamine are 
more susceptible to destruction or utilization by intestinal bacteria than is 
pyridoxine. When exposed to bacterial action, as when fed in the ration, 
less of these compounds might be available for the animal. When fed by 
a dropper, absorption is rapid, and such influences could not enter to alter 
the true comparative activities of the three compounds. In support of 
this hypothesis are the known facts that lactic acid bacteria constitute a 
large proportion of the total intestinal flora (20, 21), that several of these 
organisms require vitamin B, for growth (16), and that, although these 
organisms utilize pyridoxal and pyridoxamine readily, they are in general 
unable to utilize pyridoxine (16). Whatever the true explanation, it is 
evident that when natural materials in which most of the vitamin B, is 


! We are indebted to Dr. I. C. Gunsalus for a pure specimen of the barium salt of 
pyridoxal phosphate. 
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present as pyridoxal and pyridoxamine are fed with the ration, a consider. 
ably lower figure for the vitamin B, content might result from rat assay 
than would be obtained by yeast assay. When pyridoxine is the major 
constituent of the Bs group present, the same values should be obtained, 
Considering further that methods of extraction of vitamin Bs from natural 
materials for microbiological and chemical assay are not entirely satis. 
factory, it is evident that bioassay with the rat is still of great value in 
assessing the vitamin Bg activity of dietary constituents used in animal 
nutrition. 


SUMMARY 


A deficient diet for the assay of vitamin Be with the rat is described which 
is based on sucrose as the carbohydrate and blood fibrin as the protein. 
In the absence of vitamin Bg, the diet gives the least growth in weanling 
rats of any tried; maximum growth (over 30 gm. per week) is obtained 
when 150 y of pyridoxine hydrochloride are added to 100 gm. of ration. 
When dextrin is substituted for sucrose, considerable growth occurs on the 
deficient diet. On the dextrin diet, urinary excretion of xanthurenic acid 
is decreased, while the amount of 4-pyridoxic acid excreted increases. The 
addition of sulfathalidine to such a ration eliminated its growth-promoting 
effects; growth is resumed if vitamin Bg is fed. These results indicate 
that on the dextrin diet intestinal flora synthesize considerable amounts 
of vitamin Bs, which is then utilized by the rat. 

A standard curve which is approximately linear up to 75 y of pyridoxine 
hydrochloride in 100 gm. of ration has been obtained on the improved 
basal diet. The relative activities of pyridoxine, pyridoxamine, and pyri- 
doxal vary with the way in which the supplements are given. When 
mixed in the ration, pyridoxamine and pyridoxal are less active than pyri- 
doxine; when given by dropper or injected intraperitoneally, they all pos- 
sess equivalent activities. Similar results have been obtained with chicks. 

The growth-promoting potency of synthetic pyridoxal phosphate (code- 
carboxylase) corresponds to its pyridoxal content. Like pyridoxal, it is 
less active than pyridoxine when mixed in the ration, but is equally active 
when injected intraperitoneally. 
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CHEMICAL DETERMINATION OF RIBOFLAVIN* 


By M. L. SCOTT, F. W. HILL,f L. C. NORRIS, anv G. F. HEUSER 


(From the Agricultural Experiment Station and School of Nutrition, Cornell Univer- 


sity, Ithaca) 


(Received for publication, May 20, 1946) 


The increased interest in the riboflavin content of both foods and feeds 
makes it highly desirable that we have a rapid and accurate method for de- 
termination of this vitamin which is generally applicable. While the 
microbiological procedure of Snell and Strong (1) has been found to be very 
accurate, it has the disadvantage of requiring several days to obtain results. 
Furthermore, many laboratories are not equipped to conduct microbiologi- 
caldeterminations. There exists, therefore, a need for an accurate chemical 
method which can be used to analyze a large number and variety of samples 
in a short period of time. 

The chemical method of Hodson and Norris (2) has been found to give 
satisfactory results on certain materials, but, when substances containing 
highly fluorescent non-riboflavin pigments are analyzed, erroneously high 
results are obtained by this procedure. The method of Hodson and Norris 
has been modified several times during the past 5 years. The major modifi- 
cation consists of the substitution of a procedure of oxidation of interfering 
pigments by the use of potassium permanganate for the reduction procedure 
used previously. The potassium permanganate oxidation of interfering 
pigments was probably first used by Koschara (3) in his early studies of the 
lyochromes. Its use in an assay procedure was first reported by Ferrebee 
(4) in his method for the determination of riboflavin in urine. This, to- 
gether with certain modifications in technique, has resulted in the develop- 
ment of an accurate chemical assay method for riboflavin. The method, 
as described in this report, has been used by chemists in several different 
laboratories on a wide variety of materials with very satisfactory results. 
In the extensive studies of the riboflavin content of milk and milk products 
and of dried leguminous seeds conducted by Daniel and Norris (5, 6) this 


* This work was supported in part by a grant to Cornell University by the 
Western Condensing Company, San Francisco, California, and was conducted in 
the Nutrition Laboratories of the Department of Poultry Husbandry. We wish 
to thank Mr. F. E. Randall of the G. L. F. Laboratories, Buffalo, New York, 
for helpful suggestions and for permission to report some of the riboflavin 
determinations made by the senior author while connected with the Laboratories. 

t Present address, Research Laboratories, Western Condensing Company, Apple- 
ton, Wisconsin. 
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method was found to give values which were in excellent agreement with 
those obtained microbiologically. 


Method 


Reagents— 

Acid-acetone solution. 250 ml. of N HCl are diluted to 1 liter with 
acetone. 

Trisodium phosphate solution. 65 gm. of Na3PO,-12H,O are dissolved 
and made to 1 liter with distilled water. 

Sodium hydrosulfite solution. 5 gm. of NaeS.O, are dissolved in 100 ml. 
of 0.2 m disodium phosphate solution, 1 to 2 gm. of Celite analytical filter 
aid' are added, and the solution is filtered through No. 44 Whatman filter 
paper. The solution is placed in an ice bath. The sodium hydrosulfite is 
unstable and should not be used after about 4 hours. 

Glacial acetic acid. 

Potassium permanganate solution. A 4 per cent solution of potassium 
permanganate is freshly prepared each week. 

Hydrogen peroxide solution. A 3 per cent solution is prepared by diluting 
a 30 per cent solution of hydrogen peroxide 1:10 with distilled water. 

Standard riboflavin solution. Riboflavin of the highest purity obtainable 
is dried to constant weight in vacuo at 60°. From this a stock solution is 
prepared by dissolving 50 mg. in distilled water and making up to a volume 
of 1 liter. The solution should be preserved in a cool place and protected 
from the light. The addition of a few drops of glacial acetic acid will insure 
an acid pH and help stabilize the solution. This standard riboflavin soiu- 
tion is called Solution I. 

Extraction Procedure—A 1 to 5 gm. finely ground sample of the unknown 
is weighed into a 250 ml. red Erlenmeyer flask? and 100 ml. of the acid- 
acetone solution are added. After thorough mixing, the mixture is gently 
refluxed for lhour. The extract is cooled to room temperature, after which 
it is brought to pH 6.6 to 6.8 with trisodium phosphate solution. Sufficient 
water is added to make the total volume of liquid 200 ml. After standing 
5 minutes the mixture is filtered through No. 12 Whatman fluted filter 
paper. The first LO to 20 ml. of filtrate are discarded. A 10 to 50 ml. 
aliquot of the filtrate is pipetted into a 200 ml. volumetric flask. The pH 
of this solution is adjusted to 3.7 with glacial acetic acid. 2 ml. of 4 per 
cent potassium permanganate per 10 ml. of filtrate are added, mixed, and 
allowed to stand for 3 minutes. At the end of 3 minutes the solution of 3 
per cent hydrogen peroxide is added until the color of the permanganate is 


! Obtained from Johns-Manville. 
? Pyrex Brand Lifetime Red glassware obtained from the Corning Glass Works. 


Corning, New York. 
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changed from purple to light brown. The solution is made to volume, 1 to 
2 gm. of Celite analytical filter aid are added, and the solution is filtered 
through No. 44 Whatman filter paper. The first 10 to 20 ml. of filtrate are 
discarded in order to eliminate turbidity in the filtrate caused by a few small 
particles which sometimes pass through the filter paper before the filter aid 
has formed an efficient mat. A known volume of this clear solution is then 
pipetted into the optical cell for the fluorometric determination. 

20 ml. of Solution I are dissolved in 100 ml. of acid-acetone solution 
neutralized to pH 6.6 to 6.8 with trisodium phosphate solution and made to 
a volume of 200 ml. with water. 40 ml. of this solution are taken to pH 3.7 
with glacial acetic acid, treated with 8 ml. of potassium permanganate 
solution for 3 minutes, almost decolorized with 3 per cent hydrogen perox- 
ide, made to a volume of 200 ml., and filtered through No. 44 Whatman 
filter paper after addition of Celite filter aid. This solution is used 
as the standard in determining the riboflavin content of the unknowns. 
This standard riboflavin solution is called Solution II. The pH of this solu- 
tion should be identical with that of the unknowns. If carried out as above 
it will be approximately pH 4.0. This solution may be kept in a red flask 
in the refrigerator for at least a week. 

Fluorometric Determination—A distilled water blank is placed in the 
fluorophotometer and the galvanometer is set at zero. 1 ml. of the Solution 
II (1 y per ml.) is added to 15 ml. of distilled water and this reading is noted. 
This is called reading S. Then 15 ml. of the unknown solution are pipetted 
into the glass cell and areading (A)ismade. The glass cell is removed from 
the path of light and 1 ml. of the Solution II is added and a second reading 
(B) made. After this the riboflavin in the solution is reduced to the non- 
fluorescing leuco form by adding 1 ml. of the sodium hydrosulfite solution 
and a third reading (C) is made. Reading S is taken again to make sure 
that the light intensity has not changed during the above operations. 

Calculation of Results—The micrograms of riboflavin per ml. of unknown 
solution are calculated as follows: 

(1) Pat D = micrograms riboflavin per ml. unknown solution (uncorrected) 
where A = fluorescence reading of 15 ml. aliquot of unknown solution; B = 
fluorescence reading of unknown solution after addition of 1 ml. of standard 
riboflavin Solution II (total volume 16 ml.);C = fluorescence reading after 
further addition of 1 ml. of sodium hydrosulfite solution (total volume 17 
ml.); D = micrograms of added riboflavin per ml. of solution at the time 
reading B is taken (D = 1 y/16 ml. = 0.0625 y per ml.). 

However, since reading A was taken in 15 ml. while reading B was taken 
after dilution of the solution to 16 ml., and reading C was taken when the 
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total volume of the solution was 17 ml., readings B and C must be corrected 
to the values that they would have been if the readings had been made in 15 
ml. of solution in each case. This is accomplished by the use of correction 
factors y and z (y = 16/15 = 1.067 and z = 17/15 = 1.133) as shown in 
Equation 2. 


A — Cz 
(2) ——— D = micrograms riboflavin per ml. unknown solution (corrected) 


By-—A 
Since Equation 2 gives the micrograms of riboflavin per ml. of unknown 
solution, the amount of riboflavin per gm. of sample is obtained by multi- 
plying the result of Equation 2 by the dilution factor f (f = 400 if the origi- 
nal extract of a 5 gm. sample is diluted to 200 ml. and a 20 ml. aliquot of 
this is further diluted to 200 ml.). Thus the final equation, which is used 
in determining the micrograms of riboflavin per gm. of sample, is 


ee 


By—A Df = micrograms riboflavin per gm. unknown 





(3) 


DISCUSSION 


It has been found that a solution containing both acid and acetone is most 
effective in the extraction of riboflavin. The acetone acts to flocculate 
colloidal suspensions and, since it is an efficient eluting agent for riboflavin, 
it also prevents adsorption of the vitamin from solution by the proteins. 

Experience has shown that in the case of highly pigmented materials, 
such as dried distillers’ grains and fermentation products, the amount of 
potassium permanganate used may be doubled without causing destruction 
of riboflavin. 

It has been found that wheat products tend to cause the solution to froth 
when hydrogen peroxide is added to the permanganate solution. This 
frothing can be dispelled by addition of a few drops of acetone. 

In an early study conducted at this laboratory it was found that the 
fluorescence of riboflavin varies with the pH of the solution according to the 
curve presented in Fig. 1. Upon examination of this curve it is apparent 
that at pH values near neutrality a slight change in the pH of the riboflavin 
solution could cause an appreciable change in the intensity of fluorescence 
of the vitamin, while at pH 4.0 solutions of riboflavin may be compared 
fluorometrically without the necessity of accurately establishing the pH of 
each solution. In view of this advantage it was found advisable to carry 
out the fluorescence measurements at pH 4.0. 

The use of this pH made it necessary to use 0.2 m disodium phosphate to 
buffer the sodium hydrosulfite solution used in the final reduction of the 
riboflavin, since at this pH the sodium bicarbonate buffer used by Hodson 
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and Norris decomposed, forming bubbles of carbon dioxide which interfered 
with the final fluorescence reading. 

The use of Celite analytical filter aid has been found necessary in order 
to obtain solutions absolutely free of cloudiness. Cloudiness in the final 
solutions used for making the fluorometric readings may cause a significant 
error in results. 

The effect of unstable interfering pigments upon the fluorescence of the 
riboflavin in an aliquot of the unknown solution is eliminated by the oxida- 
tion with potassium permanganate. However, certain materials contain 
stable interfering pigments which absorb, to some extent, the activating and 
fluorescent light and thus interfere with an accurate measurement of the 
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pH OF RIBOFLAVIN SOLUTION 
Fic. 1. Influence of pH upon the fluorescence of a standard solution of riboflavin 
containing 0.1 y of riboflavin per ml. of solution. 


Tiboflavin fluorescence. This difficulty is overcome by adding a known 
amount of a standard solution of riboflavin to the unknown solution. The 
stable interfering pigments then act equally upon the fluorescence of the 
standard riboflavin solution and the fluorescence of the riboflavin in the un- 
known solution. The riboflavin in the unknown solution can then be 
determined accurately by comparing its fluorescence with that of the 
standard riboflavin under the same conditions. The effect of stable sub- 
stances which also show green fluorescence is eliminated by the use of the 
sodium hydrosulfite. Sodium hydrosulfite reduces the riboflavin to a non- 
fluorescing form without changing the fluorescence of the interfering sub- 
stances. This residual fluorescence is subtracted from the total fluorescence 


of the unknown solution in order to determine the fluorescence due to ribo- 
flavin. 


Comparison of Chemical Method with Microbiological M ethod 


The riboflavin content of a variety of foods and feedstuffs is presented in 
Table I. The riboflavin values presented are analyses of single samples. 
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Tasie I 
Riboflavin Content of Foods and Feeds 
Material Fluorometric method Microbiological method 
7 per gm. Y per gm. 
Whole yellow corn.................+.. 1.00 1.05 
0 re re re ee 0.80 
Fancy “4 Needs at ren aneRee 1.05 1.00 
Feed Py! deebicaderietaserpans 1.40 1.40 
SI, 5 vciwetdccesccodass 2.30 2.50 
= are 4.60 4.60 
Dried distillers’ grains, Sample 1...... 2.70 2.70 
= “ as Whee. 7.50 7.50 
I oo cce vay baweews cinnkde 1.65 1.65 
Nc 50 cba cuwe das asks ek exen 3.00 3.20 
FP ahi sidawnce tae sueebus 4.25 
Standard wheat middlings............ 3.55 3.80 
Wheat flour middlings................. 2.40 2.50 
PD WINS HIE avn caccicc cccccuss : 1.40 1.40 
Patent ‘“ Pa eed eta d keer’ 0.50 0.50 
Enriched wheat flour.................. 3.00 3.10 
- SSE eae 3.50 3.40 
EE en 1.45 1.20 
ET ke Be oe bd ea een kewes 0.75 
EE EOE PET 1.70 1.70 
skins sas cknbiwannes des 1.50 
Brewers’ dried grains.................. 1.30 
Soy bean oil meal (solvent)............ 3.00 3.25 
i 2 oe. 3.25 
SS Ee ee 2.40 2.40 
CO .  ckncadcovansusecses 3.55 
CM Gcbcancs sabaes caNdeusedes 5.20 5.70 
EN ee ee eee eee 4.90 4.80 
Fermentation product, Sample 1...... 101.00 100.00 
> = as dt tad 258.00 265.00 
“ = as a 38.90 39.30 
NS doe nadie khan euabeens ; 1.69 1.71 
ER. ic adesktacacdicuaees 16.60 16.00 
Oy Mi idknne sii cdudbaad sheet ine 22.20 22.20 
A ES ER Seer 29.20 28.30 
Dehydrated alfalfa meal............... 15.90 15.70 
Dried cereal grass....... ie 15.65 15.60 
es cnon a aine eden Chasen 3.65 
LAL, shawukiees Ke Rdvelabanwenes 4.60 4.40 
i tai ch dan aGielantene dea Ke 7.30 7.60 
TT Taso neh cit a ch wnkees c05K7% , 57.80 61.20 
Dried brewers’ yeast, Sample 1....... 36.20 38.70 
“ - sae 7 Paiveesken 17.80 18.50 
Commercial feed mixture.............. 4.30 4.20 
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When an appreciable variability in riboflavin content of different samples 
of any given food or feedstuff was found, the value reported is that of a 
sample having approximately the average riboflavin content of that particu- 
lar material. However, certain materials have been found to vary so widely 
in riboflavin content that the amount of the vitamin present in any one 
sample cannot be predicted with any degree of accuracy. This is especially 
true of materials such as meat scrap, fish meal, liver meal, dried brewers’ 
yeast, dried distillers’ grains, and alfalfa meal, in which the composition of 
each sample may vary considerably. The method of processing may also 
contribute to variations in riboflavin content of these materials. 

The results presented in Table I demonstrate that the chemical method 
for determination of riboflavin as described in this report gives values for a 
wide variety of food materials which are in excellent agreement with those 
obtained microbiologically. Since this is true in the case of highly pig- 
mented materials such as fermentation products, alfalfa meal, and liver meal 
as Well as in the case of the less highly pigmented materials, it is evident that 
the chemical method is generally applicable. 


SUMMARY 


The chemical method of Hodson and Norris for the determination of ribo- 
flavin has been modified so as to make it generally applicable. 

A number of different food materials have been assayed for riboflavin by 
the method as described in this report and by the microbiological method 
of Snell and Strong. A comparison of the values obtained by these two 
procedures shows that the chemical method gives results which are in excel- 
lent agreement with those obtained microbiologically. 
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THE UTILIZATION OF A COLOR CORRECTION EQUATION 
WITH THE KOBER REAGENT FOR THE ESTIMATION 
OF THE ESTROGENS IN HUMAN URINE 
WITH LOW ESTROGEN CONTENT 


By BENJAMIN F. STTMMEL 
(From the Rees-Stealy Medical Research Fund, Lid., San Diego, California) 


(Received for publication, March 23, 1946) 


We have shown (1) that satisfactory Kober tests (7.e., an L-520 my to 
L-420 my ratio greater than 3) can be obtained for the estrone and estriol 
fractions from the 10th week and for estradiol fractions from the 24th week 
following the last catamenia by our method for the fractionation and 
photometric estimation of the estrogens in human pregnancy urine. In 
fractions of lower estrogenic titer, a brown color is produced with the Kober 
reagent by the non-estrogenic chromogens which contaminate the estrogen 
factors. Some form of correction to reduce the error of overestimation 
caused by this brown color is necessary. 

Bachman and Pettit (2) considered techniques proposed to correct for 
the overestimation caused by the Kober reagent in crude urine residues 
(3-5) to be inadequate but presented no evidence to support this view. 
Fraser et al. (6) suggested the use of a color correction equation with the 
Zimmermann test (7) for neutral 17-ketosteroids in crude urine extracts, 
and Talbot et al. (8) discussed the rationale for the use of such an equation 
and established its validity. 

To correct for the overestimation of estrogens in our chromatographic 
filtrate residues by the Kober reagent we have used a somewhat similar 
equation of the form 


L-520 mp mixture — B,(L-420 mz mixture) 
K,(1 ~~ A,B,) 





C, 


in which the symbols have the following meaning: C, = the weight of the 
estrogen component of the test in micrograms (C, = estrone, Ca, estradiol, 
C,, estriol); L = 2 — the log of the galvanometer reading; Az = the 
ratio of L-420 my to L-520 my for the Kober color test on pure estrogen; 
B, = the ratio of L-520 my to L-420 my for the interfering chromogens; 
and K, = the calibration constant for the Kober test on pure estrogen. 
Because the identities of interfering chromogens of urine extracts appearing 
in our chromatographic fractions have not yet been established, it becomes 
necessary to derive sufficient statistical data from essentially estrogen-free 
urine extracts to evaluate the B, values for our equation. 
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The present paper is concerned with a study of the variations in the 
spectophotometric characteristics (at 420 and 520 my) of the brown color 
produced by the Kober reagent with our chromatographic filtrate residues 
from essentially estrogen-free urine extracts and the utilization of these 
data for estimating by means of a color correction equation the estrogen 
content of human urine of low estrogen titer. 


EXPERIMENTAL 


Reagents and apparatus were those described in a previous publication 


(1). 
Procedure 


Preparation of Urine Residue Suitable for Liquid Chromatogram—The 
residue was prepared essentially as described (1) with the following 
modifications. The residue from the butyl alcohol extract was dissolved 
in 100 ml. of 0.5 N sodium hydroxide and diluted with distilled water toa 
200 ml. volume. 30 ml. of concentrated hydrochloric acid were then added 
and the aqueous extract was boiled under a reflux for 15 minutes. After 
cooling under running tap water, the extract was shaken three times with 
100 ml. amounts of ethyl ether. The combined ether extracts were washed 
twice with 25 ml. of 9 per cent sodium bicarbonate solution and once with 
25 ml. of distilled water. The ether solution, which should be free from 
any insoluble material at this point, was then extracted three times with 
100 ml. and once with 50 ml. volumes of normal sodium hydroxide. The 
combined sodium hydroxide extract was acidilied (to litmus paper) with 
hydrochloric acid and reextracted three times with 100 ml. volumes of 
ether. The combined ether extracts were washed twice with 40 ml. 
volumes of 9 per cent sodium bicarbonate and once with 40 ml. of distilled 
water. The ether residue was stored as described in our previous publica- 
tion (1). 

Preparation of Liquid Chromatogram—The method previously described 
(1) was followed with one exception: the 50 ml. benzene developer was 
omitted and the filtrate which was collected up to the time of addition of 
the 2 per cent methanol-benzene was discarded. 


Results 


Summary of Spectrophotometric Data on Chromatographic Filtrate Residues 
Treated with Kober Reagent—In deriving the Kober calibration constants 
for crystalline estrone (K. = 0.00837), estradiol (Kg = 0.00523), and 
estriol (K; = 0.00737) previously reported by us (1), a study (unpublished) 
was also made of the ratio of L-520 my to L-420 mu for each of these tests. 
The average ratio of L-520 my to L-420 mu for the estrone series was 10 + 
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1.6, for a-estradiol 7.5 + 1.0, for estriol 10.2 + 0.9. The reciprocals of 
these average values constitute the A, valuesin Table I. Inspection of the 
general equation reveals that, since B, varies between 0.54 and 0.77, any 
expected variation within the above limits from the average A, values may 
be ignored in evaluating C,, the weight of estrogen component in micro- 
grams. 

The same situation with respect to the variation in our B, values (the 
ratio of Z-520 my to L-420 my for the average brown color) does not 


TaBLe I 


Spectrophotometric Data on Pure Estrogens and on Residues from Series of Thirty 
Essentially Estrogen-Free Urine Extracts, Treated with Kober Reagent 











Chromatographic fraction tested 
Description of measurement 
Estrone Estradiol Estriol 
As, 1.e. oe for pure Kober | 0.10 0.13 0.10 
color 
K,, i.e. calibration constant for | 0.00837 0.00523 0.00737 
pure Kober product 
L-520 mu for non-estrogenic chro- | 0.478 0.324 0.293 
mogens (0.137-0.852) | (0.092-0.573) | (0.077-0.602) 
L-420 my for non-estrogenic chro- | 0.815 0.520 0.425 
mogens (0.250-1.540) | (0.143-0.894) | (0.116-0.876) 
By, i.e. = = for non-estrogenic| 0.59 0.63 0.69 
chromogens (0.54-0.64) | (0.57-0.70) | (0.61-0.77) 
K,(1 — A,B.) 0.0079 0.0048 0.0069 
Uncorrected estrogen content, y* | 57 62 39 
(16 — 100) (18 — 110) (10 - 81) 
Corrected estrogen content, yt 0.33 + 7.0 0.80 + 9.0 0.40 + 5.0 














* Calculated by dividing L-520 my by Ks. 
t Calculated by use of the color correction equation. 


necessarily hold true, since B, appears both in the numerator and de- 
nominator of our equation. Spectrophotometric data from a series of 
thirty 24 hour essentially estrogen-free urine specimens from preadolescent 
(8 to 10 years old) girls and bilaterally ovariectomized adult females were 
compiled in order to derive an average B, value for each chromatographic 
fraction and to test the significance of its anticipated variation from the 
average value. These data are summarized in Table I. 

The chromatographic filtrate residues prepared from these specimens 
were tested with the Kober reagent as previously described (7). Each 
Kober color product was uniformly washed with ethyl acetate but the 
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photometric density measurements (L values) here recorded were made 
before such treatment. In most instances half the total filtrate residue 
was used for a single color test. However, the L-520 and L-420 my 
values summarized in Table I represent the complete 24 hour total for 
each fraction. Analysis of the data in Table I reveals that, whereas the 
photometric density values of the brown Kober color for all three chromato- 
graphic fractions covered a wide range in the series investigated, the B, 
value (ratio of L-520 my to L-420 my) for each fraction never exceeded 12 
per cent deviation from the average (B, = 0.59 + 0.05, Bz = 0.63 + 
0.07, B, = 0.69 + 0.08). A limited number of two successive chromato- 
grams on the same urine extract has yielded results in agreement with these 
B, values. Since the magnitude of this deviation from an average B, 
value appears to be the limiting factor in the accuracy obtainable by use 
of the equation, we have calculated with the aid of our equation the amount 
of estrogen theoretically present in each of the thirty essentially estrogen- 
free urine specimens. This corrected estrogen content of our chromato- 
graphic fractions for each of the thirty urine specimens did not exceed 
+7 y of estrone, +10 y of estradiol, and +5 y of estriol. It was assumed 
(9-11) that each of the 24 hour urine specimens actually contained less 
than 1 y of estrogen in each chromatographic fraction. Therefore these 
figures represent the maximum error inherent in any 24 hour urine deter- 
mination, due to the extent to which successive extracts differ from the 
calculated average B, values. 

The above data can be utilized for analyzing mixed Kober colors only 
if the true Kober color and the brown contaminating color develop inde- 
pendently in the presence of each other. Table II contains data from a 
number of Kober tests designed to show this independent development of 
color. Aliquots from the same chromatographic filtrate residue from a 
24 hour essentially estrogen-free urine specimen, with and without the 
addition of known amounts of the appropriate estrogen, were treated with 
the Kober reagent. The results demonstrate that non-estrogenic impur- 
ities present in our chromatographic filtrate residues do not interfere 
significantly with the Kober reaction with pure estrogens and vice versa. 

Recovery of Estrogens Added to Essentially Estrogen-Free Urine Extracts 
Immediately after Hydrolysis—Table III summarizes the data from a num- 
ber of recovery experiments which were carried out to test the quantitative 
features of our fractionation and photometric estimation technique when 
applied to successive 24 hour specimens of castrate female urine enriched 
with small amounts of crystalline estrogens, immediately after hydrolysis. 
Since the estrogen was added to the equivalent of a 24 hour urine specimen, 
each estrogen estimation is subject to the limitations imposed by our 
average B, values; i.e., estrone +7 y, estradiol +10 y, and estriol +5 7. 
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Estrone and a-estradiol are recovered in the appropriate filtrate fractions 
in the range 80 to 100 per cent; estriol is recovered in the range of 60 to 70 
per cent, which is somewhat lower than the 75 to 83 per cent recovery 
reported (1) for urines with higher estriol titer. This loss of estriol in the 
purification procedure is greater than is desirable, but it is reasonably 
constant and therefore does not seriously interfere with the significance 
of the estimation. 


Tas.e II 
Comparison of Determined and Theoretical Values for L-520 my and L-420 my for 
Kober Color Products from Our Chromatographic Filtrate Fractions, before and 
after Addition of Known Amounts of Estrogen to Essentially Estrogen-Free 
Urinary Residues 
Each test was performed on the equivalent of half of a 24 hour urine from an 
ovariectomized human female. 























Srygnent Graphic i Estrogen added LS mp L410 up 
0. trate frac- > 
tion® Determined | Theoretical | Determined | Theoretical 
7 
1 1 None 0.204 0.377 
/ a | Bo. 0.482 | 0.455 | 0.420 | 0.402 
2 1 None 0.119 0.204 
1 60 O. 0.648 0.621 0.226 0.254 
3 2 None 0.319 0.534 
2 30 D. 0.491 0.476 0.549 0.554 
4 | 2 None 0.204 0.347 
2 60 D. 0.512 0.518 0.372 0.388 
5 3 None 0.125 0.176 
3 | 25 T. 0.310 0.309 0.191 0.194 
6 | dl None 0.211 0.250 
x. 50 T. | 0.561 | 0.579 | 0.268 | 0.287 











O. = estrone; D. = a-estradiol; T. = estriol. 
* Fraction 1 = 2 per cent methanol-benzene; Fraction 2 = 5 per cent methanol- 
benzene; Fraction 3 = 30 per cent methanol-benzene. 


Estimation of Estrogens in Urine Specimens with Low Estrogen Titers—The 
results of some of our preliminary studies which were made to determine 
the potentialities and limitations of our colorimetric estimations of the 
estrogens in urine with low estrogen titer are given in Table IV. Experi- 
ment 1 gives the results of estrogen determinations throughout a normal 
female menstrual cycle. Complete 48 hour urine specimens were collected 
during the entire cycle with the exception of the catamenia. The 48 hour 
specimen collected on the 19th and 20th days was used for a pregnanediol 
glucuronidate determination according to the method of Venning (12). 
6 mg. were obtained, which constitutes a positive reaction. It would 
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TaB.e III 


Estrogen Titers for Equivalent of 24 Hour Essentially Estrogen-Free Urine Specimens 
Enriched with Known Amounts of Crystalline Estrogens Immediately after 























Hydrolysis 
Experiment No. Amount of estrogen added| Filtrate fraction No.* aay by 
7 y 
1 120 O. 1 | 108 
2 13 
' 3 | 4 
2 120 D. 1 | 10 
2 104 
3 s 
3 100 T. 1 8 
2 12 
3 62 
4 120 O 1 106 
100 T 2 19 
3 66 
5 60 O 1 50 
30 D 2 36 
| 100 T 3 70 












O. = estrone; D. = a-estradiol; T. = estriol. 
* Fraction 1 = 2 per cent methanol-benzene; Fraction 2 = 5 per cent methanol- 
benzene; Fraction 3 = 30 per cent methanol-benzene. 


TaBLe IV 


Estrogen Content of Human Normal and Early Pregnancy Urine 








Estrogen content per 24 hrs. 























Experiment | 

a Estrone | Estradiol] Estriol | Total 
7 7 7 1 

1 Normal female cycle, 5- 6 days 8 3 5 16 
“ec “e “ec 7- 8 “ 6 4 7 17 

= _ “... Sas© 2 5 10 17 

25 “ .* Bea * 23 20 18 61 

" “ +: eo ™ 8 12 7 27 

- - “ 1516 “ 6 6 18 30 

- e [ a 3 9 14 26 

_ % “« 21-323 “* 12 8 3 23 

ws - “623-24 =“ 9 12 3 24 

“ i‘ “ 27-28 “e 3 1 —3 2 

2 Pregnancy, 4-5 wks. after last cata- 50 38 37 125 

menia 

3 - = 55 30 38 123 
4 Pregnancy, 8-9 wks. after last catamenia| 250 70 300 620 
5 Normal male 2 4 1 7 
6 “ “ 5 6 4 15 
7 “ “ 5 4 2 ll 
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appear from this preliminary study that the method is capable of detecting 
the midmenstrual elevation of estrogens but that it is of doubtful value 
for a considerable portion of the cycle because of the limitations imposed 
by the use of the average B, values. 

For female urine specimens collected as early as 1 week after the first 
missed catamenia in normal pregnancy, corrected estrone and estriol 
titers of sufficient magnitude were obtained to bring the error due to the 
use of a color correction equation within favorable limits (10 to 20 per 
cent). Experiments 2 and 3 in Table IV are representative of these find- 
ings. This evidence would suggest that the method might be a convenient 
substitute for the commonly used gonadotropic bioassay for pregnancy. 
Normal male urine specimens as indicated in Experiments 5 to 7 consistently 
yielded estrogen titers within the range associated with essentially estrogen- 


free specimens. 
DISCUSSION 


Duplicate Kober determinations on our chromatographic filtrate residues 
from essentially estrogen-free urine extracts have consistently been in as 
satisfactory agreement as is obtainable with pure estrogens (6 per cent). 
Washing of these essentially estrogen-free Kober color products with ethyl 
acetate reduced by one-third to one-half the photometric density at 520 and 
420 my without materially altering the B, values (ratio of L-520 my to 
L-420 mu). This observation is further evidence that there is negligible 
estrogen present in the residue and is being investigated further as a 
possible means of evaluating the B, value for each individual Kober test. 
It is recommended that the estrogen content of all Kober tests in which 
an L-520 mz to L-420 my ratio of less than 6.0 is obtained be calculated 
by means of the color correction equation, since the error of overestimation 
approximates 10 per cent at this ratio and increases drastically with lower 
ratios. 


SUMMARY 


A color correction equation for the Kober reagent has been proposed 
and sufficient experimental data have been derived to evaluate the con- 
stants therein. By use of the color correction equation the overestimation 
of estrogens in a representative 24 hour urine specimen is reduced to +7 
y of estrone, +10 y of estradiol, and +5 y of estriol. The method is 
sufficiently sensitive to indicate the midmenstrual elevation of estrogen 
excretion in a normal female menstrual cycle. 
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STUDIES ON THE INHIBITION OF ENZYME SYSTEMS 
INVOLVING CYTOCHROME c* 


By STANLEY R. AMES, ANITA J. ZIEGENHAGEN, anv C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison) 


(Received for publication, May 18, 1946) 


During the course of studies on the inhibition of the enzymatic oxida- 
tion of glutathione in the presence of added cytochrome c, it was noted 
that the type of inhibition observed (1) did not correspond with that pre- 
viously reported for systems involving cytochrome c. An investigation 
was made to compare the action of a number of inhibitors on three systems 
in which cytochrome c is concerned; namely, the enzymatic oxidations of 
ascorbate, reduced glutathione, and succinate. 

The exact nature of the enzyme catalyzing the reaction between cyto- 
chrome c and oxygen, by definition cytochrome oxidase, has not been fully 
elucidated. It was thought that a study of the action of a number of 
inhibitors on systems in which cytochrome oxidase was concerned might 
reveal whether it was an iron- or a copper-containing enzyme. In addition 
further information might be gained concerning the intermediate systems 
lying between the initial substrate and oxygen. 

The results of this investigation indicate that the hydrogen donor-cyto- 
chrome c-cytochrome oxidase-oxygen system may be more complex than 
has been previously proposed, and involves both iron and copper. The 
action of several inhibitors is shown to differ markedly, depending on 
which hydrogen donor is used as the initial substrate. 


. EXPERIMENTAL 


White mice of an inbred Swiss strain were used and after weaning were 
maintained on stock ration’ and water ad libitum plus occasional greens. 
With experimental conditions as previously outlined (2, 3), a tissue homoge- 
nate was prepared in redistilled water by means of the device described 
by Potter and Elvehjem (4). From this homogenate a cell-free prepara- 
tion (1) was obtained which was used immediately in order to minimize 
inactivation of the enzymes occurring in the very dilute solutions of protein 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. These studies were aided by a grant from the Rockefeller Founda- 
tion. 

‘B-B Laboratory Rabbit Diet, Maritime Milling Company, Inc., Buffalo, New 
York. 
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(5). The dry weights of samples were determined by evaporating to con- 
stant weight in open crucibles in an electric oven at 110°. 

A conventional Warburg constant volume respirometer at 37.0° was used 
in all experimental and analytical work and the pH was determined with 
the Beckman pH meter (glass electrode). Enzyme activities were deter- 
mined in all cases by measuring the oxygen uptake. 

The activity of the succinic oxidase system was determined by the 
method of Schneider and Potter (6) in which the components of the final 
reaction mixture (pH 7.6) are as follows: 0.4 ml. of 0.25 m sodium phosphate 
buffer (pH 7.4), 0.2 ml. of 2 X 10~ m cytochrome c, 0.3 ml. of 0.5 m sodium 
succinate (pH 7.4), 0.1 ml. of 0.012 m CaCl, 0.1 ml. of 0.012 m AIC\,, 
0.2 ml. of 1 per cent cell-free preparation of mouse kidney, solution of in- 
hibitor, and glass-redistilled water to yield a total volume of 3.0 ml. The 
gas phase was air and 0.2 ml. of 10 per cent NaOH and a small strip of filter 
paper were placed in the center well to absorb CO:. 

Cytochrome oxidase was determined by observing the rate of enzymatic 
oxidation of ascorbic acid as described by Schneider and Potter (6) in 
which the components of the final reaction mixture (pH 7.6) are as follows: 
0.4 ml. of 0.25 m sodium phosphate buffer (pH 7.4), 0.5 ml. of 2 X 10“ 
cytochrome c, 0.3 ml. of 0.114 m ascorbic acid neutralized to pH 7.4 with 
NaOH, 0.1 ml. of 0.012 m AICl;, the desired amount of 0.67 per cent cell- 
free preparation, solution of inhibitor, and glass-redistilled water to yield 
a total volume of 3.0 ml. The gas phase was air and 0.2 ml. of 10 per cent 
NaOH and a small strip of filter paper were placed in the center well to 
absorb CO2. Two levels of tissue were tested in all cases. The maxi- 
mum oxygen uptake per hour was plotted for each level and extrapolated 
to zero concentration in order to correct for the autoxidation of ascorbic 
acid. Whenever sodium cyanide was used in the above systems, a mixture 
of alkali and cyanide was used in the center well (7). 

The activity of the glutathione oxidase system was determined by a 
modification? of the method of Ames and Elvehjem (1) in which the com- 
ponents of the final reaction mixture (pH 7.6) are as follows: 0.4 ml. of 
0.25 m sodium phosphate buffer (pH 7.4), 0.2 ml. of 2 X 10~ m cytochrome 
c, 10 mg. of reduced glutathione, 0.2 ml. of 1 per cent cell-free preparation, 
solution of inhibitor, and glass-redistilled water to yield a final volume of 
3.0 ml. The gas phase was air, and in all cases a correction for the autoxi- 
dation of glutathione was made. The rate of autoxidation of glutathione 
was determined under the same conditions but the tissue and inhibitor 
were omitted. 

Commercially prepared compounds were used without further purifica- 


? Ames, 8. R., and Elvehjem, C. A., Arch. Biochem., in press. 
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tion as follows: c.p. Na,sHPO, + 12H20; c.p. NaH:PO, + H:O; sodium 
succinate, Merck; U. S. P. ascorbic acid, Merck; c.p. CaCl; c.p. AlCls; 
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Fic. 1. Typical oxidation of succinate, glutathione, and ascorbate in the presence 
of cytochrome c. Curve I, succinate + 0.2 ml. of 1 per cent cell-free preparation, 
average rate of 88 c.mm. per hour; Curve II, glutathione + 0.2 ml. of 1 per cent cell- 
free preparation, average rate of 206 c.mm. per hour; Curve III, glutathione autoxida- 
tion (no tissue), average rate of 35 c.mm. per hour; Curve IV, ascorbate + 0.1 ml. of 
0.67 per cent cell-free preparation, average rate of 114 c.mm. per hour; Curve V, 
ascorbate + 0.05 ml. of 0.67 per cent cell-free preparation, average rate of 74 c.mm. 
per hour. The typical, corrected, maximum Qo, values calculated from the above 
data for the oxidations are as follows: succinate, 210; glutathione, 330; and ascorbate, 
680. The cell-free preparation was obtained as described in the text. Final concen- 
trations of the components of the reaction mixture of the succinic oxidase system are 
as follows: 0.033 m sodium phosphate buffer, 0.13 X 10-* m cytochrome c, 5 X 10-* m 
sodium succinate, 4 X 10-* m CaCl, 4 X 10-* m AICl;, and 0.067 per cent cell-free 
preparation (wet weight basis). The final concentrations of the components of the 
reaction mixture of the glutathione oxidase system are as follows: 0.033 m sodium 
phosphate buffer, 0.13 X 10-* m cytochrome c, 0.9 X 10°? m reduced glutathione, and 
0.067 per cent cell-free preparation (wet weight basis). The final concentrations of 
the components of the reaction mixture of the system which oxidizes ascorbate are 
as follows: 0.033 m sodium phosphate buffer, 0.33 X 10~* m cytochrome c, 4 X 10 u 
AICl,, 1.2 X 10-* m ascorbate, and cell-free preparation at the level of 0.022 per cent 
and 0.011 per cent, respectively (wet weight basis). 


pure, crystalline, reduced glutathione, Eastman Kodak and B. L. Lemke; 


sodium cyanide, Merck; p-nitrophenol, Eastman; sodium arsenite, Mal- 
linckrodt; c.p. sodium pyrophosphate, Baker’s; 2,4-dinitrophenol, East- 
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man; 8-hydroxyquinoline, Eastman; sodium diethyldithiocarbamate, 
Eastman; a,a’-dipyridyl, Eastman; hydroxylamine hydrochloride, East- 
man; iodoacetic acid, Eastman; and sodium azide, Eimer and Amend. 
Cytochrome ¢ was prepared in these laboratories from beef heart by 
modification’ of the method of Keilin and Hartree (9) and had been dialyzed 
against glass-redistilled water. 

All solutions were prepared in glass-redistilled water and neutralized 
if necessary to pH 7.4 with dilute NaOH. Glutathione and ascorbic acid 
solutions were neutralized just before addition to the side arm of the reae- 
tion vessel. Substrates were always added from the side arm after a 20 
minute period to insure a uniform time of contact between enzyme and 
inhibitor and to permit the flask contents to reach equilibrium. 





8 
' 


80F 


60F 


IN PER CENT 


40Fr 


20F 


INHIBITION 











° 





“27 3.7 -47 -5.7 
LOG FINAL CONC. OF INHIBITOR 
Fig. 2. Effect of cyanide on the extent of inhibition. Curve I, O, succinate; 
Curve II, 0, glutathione; Curve III, A, ascorbate. The components of the above 
system are given in the text and in the legend of Fig. 1. Each experimental point 
represents the average of several determinations. 


The initial substrates which were used as the hydrogen donors for cyto- 
chrome c were arbitrarily selected as succinate, reduced glutathione, and 
ascorbate. Fig. 1 illustrates the typical oxidation curves obtained in the 
absence of any inhibitor. All curves were essentially linear except for the 
latter portion of the oxidation curve of glutathione, in which the substrate 
was exhausted after about 50 minutes. In the presence of an inhibitor, 
the slopes of the curves were decreased, depending upon the concentration 
of added compound, but the curves were still linear. 

In order to compare the action of each of the inhibitors on these three 
systems the per cent inhibition was plotted against the logarithm of the 


* The method is essentially that given by Potter (8), except that in the first and 
second centrifugations a Sharples supercentrifuge was used. 
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| concentration of the inhibitor. In the calculation of the per cent inhibi- 
tion the maximum Qo, values were used. Examples of this treatment are 
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LOG FINAL CONC. OF INHIBITOR 
Fig. 3. Effect of azide on the extent of inhibition. Curve I, O, succinate; Curve 
II, O, glutathione; Curve III, A, ascorbate. The components of the above systems 


are given in the text and in the legend of Fig.1. Each experimental point represents 
the average of several determinations. 
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Fic. 4. Effect of diethyldithiocarbamate on the extent of inhibition. Curve I, 
O, succinate; Curve IT, 0, glutathione; Curve III, A, ascorbate. The components 
of the above systems are given in the text and in the legend of Fig. 1. Each experi- 


mental point represents the average of several determinations. 
” 


given for cyanide, azide, and diethyldithiocarbamate in Figs. 2, 3, and 4, 
respectively. The action of cyanide was stronger than that of the other 
inhibitors, being still effective at concentrations of about 10-° m. All 
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three systems were inhibited to essentially the same degree by cyanide; at 
low concentrations only, the glutathione oxidase system showed less jp. 
hibition than the other two systems. Azide exhibited marked inhibition 
of the oxidations of succinate and ascorbate but had essentially no effect 
on the oxidation of glutathione even in concentrations as high as 0.002 y. 
This is in marked contrast with the type of inhibition obtained in the pres. 
ence of diethyldithiocarbamate. Under the influence of this inhibitor, 


Taste I 
Effect of Other Inhibitors on Oxidation of Succinate, Glutathione, and Ascorbate 

















Inhibitor Per cent of inhibition 
Final con- ss . | Enzymatic 
Compound Type —— —_ ew rn 
M 
8-Hydroxyquinoline...............} Cu 0.14 5 39 N.e. 
Na thioglycolate..................| Fe 2 2 OC ll 18 
i cesecibiases dace = 2 61 | 9 40 
Na pyrophosphate................ ™ 2 43 | 8. 8. 
Ee " 2 37 15 N.e. 
oc ivi dncecdsseeces —SH 2 48 | ot 45 
eae 2 6 | S. 59 
2,4-Dinitrophenol................ 0.041 | 5 - Ss. 
EE Se ae | 2 | 13 0 . 











The components of the above systems are as described in the text and in the legend 
of Fig. 1. In the calculation of the per cent of inhibition, the maximum Qo, values 
were used after a 20 minute contact time between the inhibitor and enzyme. Most 
experimental values represent the average of several determinations. S. denotes 
that a Qo, greater than that of the control flask was observed, indicating that the 
addition of that compound resulted in a slight increase in the oxygen uptake. N.e. 
denotes that a non-enzymatic reaction occurred in which the rapid oxygen uptake 
masked that of the enzymatic reaction and that no inhibition value could be ob- 
tained. 


the oxidation of ascorbate shows low inhibitions in the ranges in which the 
oxidations of both succinate and glutathione are almost entirely inhibited. 

A number of other compounds which might act as inhibitors in these 
systems were tested and the results are summarized in Table I along with 
a consideration of the general type of inhibition which that compound 
exhibited previously. The extent of inhibition at only one concentration 
is given for each of the inhibitors in Table I, but this is sufficient for com- 
parative purposes. As an example of a typical copper inhibitor, 8-hy- 
droxyquinoline is similar to diethyldithiocarbamate in its effect on oxygen 
uptake, with the exception of its being involved in a chemical reaction 
with ascorbic acid. In a similar manner, the action of several compounds 
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forming complexes with iron essentially parallels that of azide in inhibitory 
characteristics. In some cases an increase in observed oxygen uptake 
was obtained on addition of the compound, and in several cases non-enzy- 
matic reactions were noted, effectively masking observation of any enzy- 
matic reaction which might be taking place. Where values are given for 
the degree of inhibition, no evidence for the occurrence of non-enzymatic 
reactions between inhibitors and initial substrates has been observed. 


DISCUSSION 


The systems under investigation might be represented in a simple 
schematic form (Equation 1) where GSH and GSSG represent reduced 





Succinate 
| | 
| \ 
Fumarate (E.) 
2GSH 2 cytochrome c Fet+ H;0O 
| (E.?) (E.) 
(1) 
| | 








40; 





GSSG 2 cytochrome c Fett+*+ 
(NoE.) det 
AAH, 

1 Mae 

| 

AA 
and oxidized glutathione, respectively, AAH2 and AA represent reduced 
and oxidized ascorbate, respectively, and E. indicates that the reaction is 
enzymatically catalyzed. A dehydrogenase, analogous to that which func- 
tions in the oxidation of succinate (10), is postulated on the basis of pre- 
liminary evidence for the glutathione oxidase system (1), and no enzyme 
has been proposed for the oxidation of ascorbate by oxidized cytochrome c. 
The enzyme functioning between cytochrome c and molecular oxygen is 
by definition cytochrome oxidase (11), the properties of which have been 
reviewed recently by Stotz (12). Cytochrome oxidase is believed to be 
identical (13) with the Atmungsferment which was indicated to be a hemin- 
containing compound (14). Considerable indirect evidence has been pre- 
sented to indicate that a copper-protein is involved in the oxidation of 
cytochrome c (15). Keilin and Hartree (16) have summarized supporting 
evidence for both the copper-protein and iron-protein hypotheses. 
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The inhibition of the cytochrome oxidase system by azide and cyanide 
has been reported (17, 18) but the enzyme was not inhibited by sulfhydry] 
reagents (19). In the succinic oxidase system the dehydrogenase itself 
was reported to be unaffected by cyanide and pyrophosphate (10), but 
another investigation (20) indicated that pyrophosphate was strongly in. 
hibitory. Succinic oxidase was reported to be inhibited by cyanide and 
arsenite (21), diethyldithiocarbamate (22), and also iodoacetate (19). The 
glutathione oxidase system has been previously reported (1) to be strongly 
inhibited by cyanide, diethyldithiocarbamate, and iodoacetate, weakly 
inhibited by a,a’-dipyridyl and thioglycolate, and not inhibited by azide 
and hydroxylamine. 

A number of metallo proteins have been previously studied by observing 
the inhibition obtained on using the three compounds considered in detail, 
Azide has been shown to inhibit catalase (Fe) (23), peroxidase (Fe) (24), 
cytochrome oxidase (Fe?) (17), and carbonic anhydrase (Zn) (25). Di- 
ethyldithiocarbamate has been reported to inhibit tyrosinase (Cu) (26), 
laccase (Cu) (27), and ascorbic acid oxidase (Cu) (28), in addition to being 
a standard reagent in copper determinations (29). An oxidation product 
of diethyldithiocarbamate has been reported to inhibit succinic oxidase by 
acting as a sulfhydryl inhibitor (22). Cyanide is considered to be a general 
inhibitor of both iron- and copper-containing enzymes. In general, azide 
isan inhibitor for iron-containing enzymes, diethyldithiocarbamate in- 
hibits copper-containing enzymes, and cyanide inhibits both. Other less 
common trace metals may form complexes with proteins which might be 
inhibited in a similar manner but, until the enzyme in question is isolated 
and analyzed, no conclusions along this line are justified. 

If the hydrogen donor-cytochrome c-cytochrome oxidase-oxygen system 
is as simple as is diagrammed in Equation 1, with cytochrome oxidase 
considered to be a single metal enzyme and the dehydrogenases considered 
as sulfhydryl-containing enzymes, the inhibition data should be the same, 
independent of the hydrogen donor. This is not the case when the hydro- 
gen donors are succinate, glutathione, and ascorbate. Glutathione appears 
to be oxidized by a system containing copper as an integral part, in con- 
trast with ascorbate, the oxidation of which is depressed by iron inhibitors. 
The oxidation of succinate involves both types of inhibition, one resembling 
that exhibited by a copper-containing enzyme and the other an iron-con- 
taining enzyme. These data indicate that the oxidation of the three 
compounds is not as simple as is diagrammed in Equation 1 and show not 
only that copper or a metal resembling it may be involved in addition to 
iron but that, by changing the hydrogen donor, different mechanisms may 
be employed. The possibility may be indicated that the systems reacting 
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between the initial hydrogen donors and cytochrome c involve a metallo 
protein. 


SUMMARY 


1. The oxidation of succinate, reduced glutathione, and ascorbate by 
molecular oxygen with cell-free tissue preparations and added cytochrome 
c was observed, and the effects of the following inhibitors were investigated : 
cyanide, azide, diethyldithiocarbamate, 8-hydroxyquinoline, thioglycolate, 
hydroxylamine, pyrophosphate, a ,a’-dipyridyl, iodoacetate, arsenite, 2,4- 
dinitrophenol, and p-nitrophenol. 

2. By altering the initial hydrogen donor in the system, hydrogen donor- 
cytochrome c-cytochrome oxidase-oxygen, the inhibition properties are 
changed and appear to involve different metallo proteins as follows: reduced 
glutathione, copper-containing enzyme; ascorbate, iron-containing en- 
zyme; and succinate, both iron- and copper-containing enzymes. 

3. The above system appears to be more complex than commonly repre- 
sented, involving at least two separate types of inhibition, the properties 
of which resemble those attributed to iron- and copper-containing enzymes. 
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FLUOROMETRIC STUDIES OF THE RIBOFLAVIN CONTENTS 
OF MUSCLE AND LIVER 


By ANNA ZMACHINSKY MURRAY, L. M. GREENSTEIN, ano 
H. C. SHERMAN 


(From the Department of Chemistry, Columbia University, New York) 
(Received for publication, May 27, 1946) 


With due acknowledgment to the previous workers in this field, it seems 
unnecessary to ask space here for a full review of the individual contribu- 
tions that have established the general distribution of riboflavin in the 
tissues. And any attempt at precise quantitative comparisons of past 
findings might be misleading inasmuch as methods were still in course of 
development. 

The fact that riboflavin exists in the body to an important degree as an 
oxidation enzyme in the tissues and the question of the body’s ability to 
store riboflavin have led us to study quantitatively the riboflavin contents 
of muscle and liver in normal rats of different ages and after feeding at 
different levels of riboflavin content of food. 


EXPERIMENTAL 


Riboflavin was here determined by fluorometric measurement by a 
method developed from that: described by Hodson and Norris (1). 

From 0.3 to 3.5 gm. of tissue, depending on riboflavin content, were 
macerated and extracted with 50 ml. of 0.25 n sulfuric acid for 30 minutes 
in a boiling water bath. After cooling, the suspension was adjusted to 
pH 5.0 to 6.0, made up to volume, and filtered. Fluorescence measurements 
were made on (a) an aliquot of the filtrate diluted with an equal volume of 
water and (b) on a similar aliquot of filtrate to which had been added the 
same volume of standard riboflavin solution. A blank was obtained by the 
addition of sodium hydrosulfite solution; this reading was consistently low 
in these analyses. 

Experiments showed that riboflavin added at the beginning of the ex- 
traction was completely recovered. 

In determinations on blood, sodium sulfate was added at the conclusion 
of the extraction period to precipitate hemoglobin. The filtrate was pale 
yellow in color; because of this and the low riboflavin concentration of 
blood, these data are less precise than those for muscle and liver. 

Values for riboflavin obtained by this method were in good agreement 
with those found by the method of Van Duyne (2), in which the extraction 
of riboflavin was effected by enzymatic hydrolysis with pepsin. Rosner, 
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Lerner, and Cannon (3) similarly report uniform values, in which the hydro. 
sulfite blank is low and adsorption techniques are omitted, between acid. 
extracted samples and samples treated both with acid and the enzyme 
polidase. 

The experiments were made upon normal rats from the laboratory-bred 
colony of this Department. The animals were all closely related geneti- 
cally and were of like nutritional background, except that half came from 
families whose food (Diet 485) contained twice as much riboflavin as that 
of the others (Diet 16). This Diet 16, also called Diet A in some of the 

Taste I 
Riboflavin in Normal Rat Muscle 
Riboflavin is expressed in micrograms per 100 gm. 























From Diet 16 From Diet 485 
Males Females Males | Females 

30 days old, mean..........................{ 413 | 420 | 426 | 428 
ge es aw hae une re +3.7 | +4.3 | +4.2 +5.7 
Coefficient of variation...... ooned SST SY | GS 7 ae 
Garces ch Ges chasceet scaceass | 3s | 4 | wo] a 
60 days old, mean............. sessesesess| 342 | 356 | 357 368 
P. e. of mean...... Ceca ae AE Se A Ie +7.0 | +4.9 | +10.1 +6.3 
Coefficient of variation 8.6 | 6.9 | 10.4 | 6.4 
No. of cases...... eae cewkake reais 8 11 & im 
360-500 days old, RE a | 219 | 
Pp Qe ER oie see nssivesecccdecccsccccel SRP FERS | 
Coefficient of variation hee lin isikhaaeiuae 21.0 | 19.6 | | 
No. of cases. . dita are 7 Ss 
Between 30 and 60 days, difference. a noanbas 71 | 64 | 69 | 60 
no. o s acu indie hc 6ee heen +7.9 +6.5 | +10.9 +8.5 
acetal nasacacesseanesves | 9.0 9.8 | 6.3 | 6.1 
Between 60 and 360-500 days, difference....| 104 | 137 
EE ee ee ee | 14.5 | 411.3 
EEE Ta ee Tere ae | ae} | 





* This is the classical probable error of the mean. 


papers from this laboratory, is an air-dry mixture of five-sixths ground 
whole wheat and one-sixth dried whole milk, fed with sodium chloride in 
the proportion of 2 per cent of the weight of the wheat, and with distilled 
water ad libitum. Diet 485 contained the same ingredients as Diet 16 with 
the addition of pure riboflavin sufficient to increase its riboflavin content to 
6 to 7 y per gm. of air-dry food mixture, or twice the riboflavin content of 
Diet 16 which contains 3 to 3.5 y of riboflavin per gm. of dry food. 

Special attention was given to care and uniformity of procedure in the 
killing of the animals and the removal and handling of the large leg muscle 
and the liver for analysis. 
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DISCUSSION 


The data obtained in our main series of analyses are summarized in 
Tables I and II. 

For economy of space, the findings are given in terms of mean values with 
the number of cases entering into each mean, and (where the numbers 
warrant) the probable error of each mean and the coefficient of variation. 
As all details of method and operation were uniform throughout the experi- 
ments and analyses reported in this paper, it is probable that the coeffi- 


TaBLe II 


Riboflavin in Normal Rat Livers 
Riboflavin is expressed in micrograms per 100 gm. 




















| From Diet 16 From Diet 485 

| Males Females Males Females 
30 days old, mean heats A. _.| 2650 2540 2580 2840 
P. e.* of mean... ..| 48 +68 +54 +72 
Coefficient of variation | 11.5 | 13.4 12.6 15.1 
No. of cases........... | ae 16 
60 days old, mean... — 2814 | 3079 =| 3293 3192 
P. e. of mean . he Oy RT A ..| $63.0 | £50 | +163 +95 
Coefficient of variation. ee teh 9.4 8.0 | 18.0 10.8 
No. of cases.......... it Tad ae 11 6 6 
360-500 days old, mean................ ...-| 8707 2801 
Ee eee see ...| £68 | £38 
Coefficient of variation............... |} 72 | 6.7 
No. of cases. me ee 8 
Between 30 and 60 days, difference. . | 164 539 713 352 
P. e. of difference . caeaataneute ......| 79.2 | 484.3 [4171.7 [4119.3 
Critical ratio. 2.1 6.4 4.2 3.0 
Between 60 and 360-500 days, difference. 893 —278 
NED, ns odesine veseababeedes | +92.8 | +62.7 
Critical ratio.............. Seeeeeseese eee] 9.6 4.4 











* This is the classical probable error of the mean. 


cients of variation here found are fairly indicative of the true physiological 
variations among animals of like genetic and nutritional backgrounds. 
Data for muscle are given in Table I, and those for liver in Table IT. 

Both in muscle and in liver the mean riboflavin contents found at a given 
age were essentially alike for the animals from the basal Diet 16 (with 3 to 
3.5 y of riboflavin per gm. of air-dry food) and from Diet 485, which con- 
tained twice as much riboflavin. Thus an intake level of 3 to 3.5 y of ribo- 
flavin per gm. of air-dry food, or 0.8 to 0.9 y of riboflavin per kilocalorie of 
food, appears to have been sufficient for the support of “plateau values” of 
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riboflavin content of muscle and liver, these values not being significantly 
increased by a doubling of the riboflavin content of the food. Also, no 
significant difference between the sexes was found. 

There is, however, a slight decrease in the average riboflavin content of 
the muscle at 60 days from that found at 30 days of age. Our analyses of 
the muscles of rats 360 to 500 days old, while too few to be conclusive, 
clearly suggest a further decrease in the riboflavin content of muscle be- 
tween adolescence and middle age. 

At 30 days of age our rats contained 6.0 to 6.6 times as much riboflavin 
per gm. of tissue in liver asin muscle. At 60 days of age, the concentration 
was 8.2 to 9.2 times as high in liver as in muscle, due to a regular (and sta- 
tistically significant) decrease in muscle at the same time with an irregular 
increase in the liver. 

Our findings for the riboflavin contents of the blood (of the same animals 
just mentioned) were of the order of 0.1 to 0.2 y pergm. Because we regard 
these data as less precise we omit any detailed tabulation or statistical 
treatment of them. 


SUMMARY 


In normal rats of both sexes at 30 days of age (‘‘end of infancy’’) and from 
diets containing either 3 to 3.5 y of riboflavin per gm. of air-dry food or 
twice this level, the concentration of riboflavin in muscle was fairly con- 
stant, averaging 4.13 to 4.28 y per gm. Between the ages of 30 and 60 
days, the riboflavin concentration in muscle underwent a statistically sig- 
nificant diminution; and further diminution with age is indicated by the few 
cases here examined at ages of 360 to 500 days. This change of concentra- 
tion in muscle with age is being studied further. 

Livers of 30 day- or 60 day-old rats showed riboflavin concentration 
more variable than that of muscle and 6- to 9-fold higher. Blood, studied 
in fewer cases, showed still greater variability, with an average riboflavin 
concentration much lower than that of muscle and liver. 


The aid of grants from the Carnegie Institution of Washington is grate- 
fully acknowledged. 
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A NOTE ON THE CONVERSION IN VIVO OF THE S-BENZYL-N- 
METHYL DERIVATIVES OF CYSTEINE AND HOMOCYSTEINE 
TO THE N-ACETYL-S-BENZYL DERIVATIVES OF 

CYSTEINE AND HOMOCYSTEINE 


By JOHN L. WOOD anv VINCENT pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, May 27, 1946) 


Some time ago in discussions on N-methylmethionine (1), N ,N’-di- 
methylhomocystine (1), and N,N’-dimethyleystine (2), the argument 
was advanced that demonstration of the growth-promoting power of these 
methylated amino acids was tantamount to demonstrating that their 
keto acid analogues were also capable of supporting growth. It was thus 
inferred that the a-keto acids derivable from homocystine, methionine, 
and cystine were utilizable for growth purposes. Since that time, the 
keto acid has been found to be effective in supporting the growth of rats 
on a diet deficient in methionine (3). 

It is of interest that d-amino acid oxidase and broken cell preparations 
of rat kidney and liver have been shown to convert dl-N-methylmethionine 
to the y-methylmercapto-a-ketobutyric acid (4). Furthermore, the d 
forms of S-benzylhomocysteine and S-benzylcysteine have been found to 
be converted in vivo to their corresponding N-acetyl-S-benzyl-l derivatives 
and excreted as such in the urine (5). In the conversion of a d-amino 
acid to its acetyl-l derivative, the keto acid has been considered a likely 
intermediate followed by asymmetric synthesis of the l-acetyl compound 
(6). It occurred to us, therefore, that we had the opportunity of testing 
whether the intact animal is capable of carrying out the sequence of re- 
actions in keeping with the above theory for the utilization of N-methyl- 
amino acids. 

It is evident that if the N-methyl derivatives of S-benzylhomocysteine 
and S-benzylcysteine are oxidatively deaminized to the keto acid, then 
one should be able to isolate the N-acetyl-S-benzyl-l-homocysteine and 
N-acetyl-S-benzyl-l-cysteine, respectively, from the urines after the 
corresponding N-methyl derivatives were fed. This was found to be the 
case in the experiments we carried out. 

N-Methyl-S-benzyl-l-cysteine was prepared by the method previously 
described (2). The compound had a rotation of [a]” = +64° for a 1 
per cent solution in 1 N HCl, and melted at 207-208°. 1.5 gm. of N- 
methyl-S-benzyl-l-cysteine admixed with the food were given to a white 
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rat. The basal diet and the procedure for the isolation of the products 
from the urine were the same as those previously described (5). 70 mg. 
of long rod-like crystals were isolated from the urine. These crystals 
melted at 142-143° and the melting point of a mixture of this product 
with synthetic N-acetyl-S-benzyl-l-cysteine, m.p. 143-144°, [a]? = —49° 
(5), was the same. The product obtained had a rotation of [a]? = —46.5° 
for a 1 per cent solution in 95 per cent ethanol. The nitrogen value checked 
the theoretical value of 5.5 per cent. 

The N-methyl-S-benzyl-di-homocysteine was prepared as previously 
described (1). 2 gm. of N-methyl-S-benzyl-dl-homocysteine were fed 
to a white rat. 27 mg. of crystals were isolated from the urine (5). This 
material had a specific rotation of [a] = +5° in 5 ce. of 95 per cent 
ethanol. The melting point was 131.5° and the compound produced no 
depression in the melting point when mixed with an authentic sample of 
N-acetyl-S-benzyl-l-homocysteine, m.p. 131-132°, [a]” = +5.5° (65). 
The analysis of the isolated product showed a nitrogen value of 5.1 per 
cent, agreeing with the theoretical value of 5.24 per cent. 


SUMMARY 


N-Acetyl-S-benzyl-l-homocysteine has been isolated from the urine of 
a rat fed N-methyl-S-benzyl-di-homocysteine, and N-acetyl-S-benzyl- 
l-cysteine has been isolated from the urine of a rat fed N-methyl-S-benzyl- 
l-cysteine. 

The possible relationship of these findings to the metabolism of N- 
methylamino acids and the corresponding keto acids has been discussed. 
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PHOSPHOGLYCOCYAMINE 


By GEORGE FAWAZ* ano KRIKOR SERAIDARIAN 


(From the Department of Biological Chemistry, American University of Beirut, 
Beirut, Lebanon) 


(Received for publication, May 14, 1946) 


Glycocyamine has received special attention in recent years on account 
of the réle it plays as an intermediate in the biosynthesis of creatine. It 
has long been known as a body constituent and more recently methods 
have been developed for its estimation in biological material (1). The 
question naturally arises as to whether tissue glycocyamine, like its higher 
homologue creatine, exists partly in the phosphorylated form, or whether 
phosphorylation of glycocyamine is an essential step in the biolog- 
ical synthesis of creatine or phosphocreatine. These questions cannot be 
answered before phosphoglycocyamine itself has been prepared and a 
study made of its chemical and biological properties. 


EXPERIMENTAL 


Preparation of Phosphoglycocyamine—The method is essentially that 
employed in the preparation of the related compounds, phosphocreatine 
and phosphoguanidine (2, 3); viz., phosphorylation with 3 moles of POC; 
in a strongly alkaline aqueous medium, removal of the excess glycocyamine 
by evacuation of the neutralized soution, precipitation of inorganic phos- 
phate first by magnesia mixture, then with calcium chloride-calcium hy- 
droxide, and precipitation of the calcium salt of phosphoglycocyamine by 
the addition of 2 volumes of alcohol. The calcium salt is then purified as 
follows: centrifuge, remove sodium chloride by repeated suspension of the 
precipitate in a little water, followed by precipitation with 2 volumes of 
alcohol. The precipitate is then dissolved by repeated extractions (shaking 
machine) with water, and evacuation of the extracts to a small volume by 
use of the ice-desiccator method (4). The calcium salt that crystallizes 
out is centrifuged, washed with 70 per cent alcohol, then with 95 per cent 
alcohol, and finally with ether. From 5 gm. of glycocyamine 1.8 gm. of 
phosphoglycocyamine-calcium salt are obtained which is sufficiently pure 
for enzymatic studies. 

To obtain an analytically pure product 1 gm. of the salt is suspended in 
50 ce. of ice-cold water and dissolved by the addition of a few drops of 
dilute hydrochloric acid. Neutralize immediately to phenolphthalein 


* Present address, Converse Laboratory, Harvard University, Cambridge, Mas- 
sachusetts. 
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with powdered calcium hydroxide, filter, and add 3 cc. of 50 per cent calcium 
chloride and 2 volumes of alcohol. A crystalline precipitate (spherulites) 
is formed which, after being washed with alcohol and dried, is redissolved 
and neutralized with calcium hydroxide as described. The filtrateisnow 
made acidic to brom-cresol purple before precipitation with alcohol as in 
the Fiske and Subbarow procedure for the purification of phosphocreatine 
(5). The washed precipitate is air-dried and analyzed. 


C;H,O;N;PCa-3H:O. Calculated. C 12.4, H4.1, N 14.5, P 10.7 
Found. ** 12.95, ** 4.05, ** 13.8, “* 10.4 


Hydrolysis of Phosphoglycocyamine in Acid Solution—Phosphoglycoey- 
amine is distinctly more stable than phosphocreatine; whereas phospho- 
creatine is completely hydrolyzed in 30 minutes, if allowed to stand at room 
temperature in Fiske and Subbarow’s acid molybdate reagent (5), phospho- 
glycocyamine is hydrolyzed only to the extent of 15 per cent at 28° under 
these conditions. After 4 hours 55.7 per cent and after 10 hours 87 per 
cent hydrolysis takes place. 

In normal hydrochloric acid at 100° phosphoglycocyamine is hydro- 
lyzed completely in 2 minutes. It is thus more labile than the two “hy- 
drolyzable” phosphate groups in adenosine triphosphate which under the 
same conditions are split in 7 minutes. Phosphoglycocyamine can thus 
be determined in the presence of adenosine triphosphate, as will be shown 


below. 
Enzymatic Studies 


Transfer of Phosphate from Phosphoglycocyamine to Adenylic Acid with 
Formation of Adenosine Triphosphate—In the presence of Meyerhof’s 
enzyme from rabbit muscle extract and under the conditions set forth by 
Lohmann (6), phosphoglycocyamine transfers its phosphate to adenylic 
acid. In this respect phosphoglycocyamine is slightly less active than 
phosphocreatine, mole for mole. Table I which represents an average of 
several experiments illustrates this fact. Phosphoguanidine, on the other 
hand, does not transfer its phosphate to adenylic acid. 


Methods 


Phosphorus Compounds—Adenylic acid and adenosine triphosphate were 
prepared according to Kerr (7, 8); phosphocreatine and phosphoguanidine 
as mentioned above (2, 3). 

Enzyme—Meyerhof’s enzyme was prepared from rabbit muscle by 
extracting 2 parts of minced muscle with 3 parts of ice-cold water. The 
extract was dialyzed for 1 week in the ice chest against distilled water and 
0.5 per cent KCl alternately. To this extract bicarbonate and phosphate 
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were added according to Lohmann {6) and the pH brought to 7.2 to 7.3 
by bubbling CO: through it. 

Determination of Phosphorus Compounds—Inorganic phosphate plus 
phosphocreatine phosphorus was determined by the method of Fiske and 
Subbarow (5). The “hydrolyzable” phosphorus of adenosine triphosphate 
was taken as the amount of inorganic phosphate formed after heating for 
7 minutes in N HCl at 100°. The amount of adenosine triphos- 
phate formed by the action of pho¢phoglycocyamine on adenylic acid is 
determined indirectly in the following manner. After incubation with the 
enzyme and precipitation of the enzyme protein by adding an equal volume 


Taye I 
Transfer of Phosphate from Phosphoiylycocyamine to Muscle Adenylic Acid 


In each case 1 cc. of Lohmann’s enzyme mixture (6) containing 0.44 mg. of in- 
organic P was used. To this the solutions containing the phosphorus compounds 
were added and the final volume was made up to 4 cc. by the addition of water. 
Incubation was for 1 hour at 28°, after which precipitation with 4 cc. of 10 per cent 
trichloroacetic acid was carried out. The figures represent mg. of phosphorus. 











Phosphocreatine 2 min. 7 min. H ble 
h 
Suommpale | tous | mrt | Pioomed 
Phosphocreatine, 0.44 mg. P + 0.46 0.74 0.83 0.37 
adenylic acid, 0.223 mg. P 
Phosphoglycocyamine, 0.45 mg. 0.49 0.79 0.88 0.30 
P + adenylic acid, 0.223 mg. 
P 
Phosphoglycocyamine, 0.45 mg. 0.55 0.87 0.87 0.00 
P + enzyme 
Phosphoguanidine, 0.62 mg. P 0.51 1.03 1.03 0.00 
+ adenylic acid, 0.223 mg. P 














of 10 per cent trichloroacetic acid, aliquot samples were taken from each 
specimen and HCl added to make the solution 1 N. The tubes are im- 
mersed in a briskly boiling water bath and a 2 minute and a 7 minute 
hydrolysis value obtained. These values are the same in the control 
tubes, 7.e. when only phosphoglycocyamine was added to the enzyme 
solution, but are different when adenosine triphosphate is formed. The 
percentage hydrolysis of adenosine triphosphate after 2 minutes is de- 
termined more accurately on the adenosine triphosphate formed enzy- 
matically from phosphocreatine and adenylic acid than from a control 
containing adenosine triphosphate only. Under the conditions of the 
experiments represented in Table I, an average of 73 per cent of the “hy- 
drolyzable” phosphorus of adenosine triphosphate was split in the first 2 min- 
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utes and 27 per cent in the last 5 minutes. The “hydrolyzable” phosphate 
formed from phosphoglycocyamine would thus be the difference between 
the 2 and 7 minute values divided by 0.27. The 2 minute value varies 
from one experiment to the other, depending on the time it takes the 
solution in the immersed tubes to reach 100° and on the rate of cooling 
after the 2 minutes are over. It is therefore essential that all specimens be 
hydrolyzed at one time and in test-tubes of the same size and quality. 

Other Enzymatic Studies—The reaction phosphocreatine + adenylic 
acid = adenosine triphosphate + creatine is reversible (6), the reverse 
reaction being favored in alkaline medium (9). We have tried to ascertain 
whether the reverse reaction would take place with glycocyamine instead 
of creatine but no phosphoglycocyamine was formed in neutral or alkaline 
(pH 10) medium, as was evidenced by the fact that the 2 and 7 minute 
hydrolysis values in the test experiment were the same as in the control 
containing only enzyme and adenosine triphosphate. In this connection 
it must be mentioned that in our own hands and by the use of our enzyme 
preparations the reverse reaction, i.e. the formation of phosphocreatine 
from creatine and adenosine triphosphate, could be made to take place only 
at pH 10; at pH 7.2 and under the same conditions that the forward reaction 
proceeded no trace of phosphocreatine was formed. Finally, it was found 
that neither at pH 7.2 nor at pH 10 was there an enzymatic transfer of 
phosphate from phosphocreatine to glycocyamine or from phospho- 
glycocyamine to creatine. 


DISCUSSION 


It is apparent from the results given above that the reaction phos- 
phoglycocyamine + adenylic acid = adenosine triphosphate + glycocy- 
amine takes place in vitro. Whether and to what extent this reaction plays 
a significant réle in vivo is at present a matter of speculation. There is no 
reliable information on the glycocyamine content of muscle tissue. Bor- 
sook and Dubnoff (10) give a figure of 3 to 6 mg. per cent. By their 
method, however, one would not be expected to extract all the glycocyamine 
if the latter existed partly in the phosphorylated form. As a labile 
phosphorus compound, phosphoglycocyamine could easily escape de- 
tection and would be included in the figure for “hydrolyzable”? phosphorus 
which represents the two labile phosphate groups of adenosine triphosphate. 


SUMMARY 


1. The synthesis of phosphoglycocyamine is described. 

2. In the presence of Meyerhof’s enzyme from rabbit muscle extract 
phosphoglycocyamine, like phosphocreatine but unlike phosphoguanidine, 
transfers its phosphate to adenylic acid with the formation of adenosine 
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triphosphate. This reaction, however, is not reversible either in neutral or 
in alkaline medium. 
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It was to be expected that the discovery of the diabetogenic action of 
alloxan would stimulate analysts in a search for methods for the determina- 
tion of this remarkable compound. Whereas up to 1945 no such method 
was available, with the exception of a half quantitative semimicro procedure 
by Lieben and Edel (1), early that year two methods were published by 
Leech and Bailey (2), no less than six by Archibald (3), and finally a highly 
sensitive test by Banerjee, Dittmer, and du Vigneaud (4). Leech and 
Bailey’s procedures are of only moderate specificity, and in their present 
form allow the determination of blood alloxan only, while none of the 
other methods has yet been adapted to the analysis of alloxan in biological 
materials, except for some recovery experiments with various blood fil- 
trates (3). The present method, which is comparatively simple, highly 
specific, and adapted to the determination of alloxan in blood, tissues, and 
other material, may therefore be of some value. 

Alloxan in amounts varying from 0.04 to 0.4 mg. can be determined by 
the method which is based on the following principle: (a) conversion of 
alloxan to violuric acid by evaporation in vacuo with hydroxylamine, 
according to 


HN-CO-NH-CO-CO-CO + H;NOH = HN-CO-NH-CO-C=NOH-CO + H;O 








(b) photometric determination of the violuric acid in the form of its ferrous 
complex, probably according to 


3C,HiN,O, + FeSO, = Fe(CsH:N;0,)2-C,.HsN,O, + H,S80, 


EXPERIMENTAL 
Color Reaction of Violuric Acid with Bivalent Iron 


The blue color resulting from the addition of ferrous salts to solutions 
of violuric acid seems to have been first observed by von Baeyer (5). In 
order to develop a method for the estimation of violuric acid, it was decided 
to investigate the reaction more in detail. Early in this study it became 
evident that the comparatively weak color could be greatly strengthened 
by the addition of small amounts of alkali. At the same time the stability 
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of the solution decreased rapidly, and repeated filtrations became necesgary 
to obtain satisfactory photometric readings. This difficulty was largely 
overcome by the addition of 20 per cent glycerol, which not only stabilized 
the color for 10 to 20 minutes over a wide range of pH, but also increased 
it substantially. Thus it became possible to study the influence of pH 
and dilution on the color. 

To 0.6 mg. of violuric acid were added 2 cc. of 50 per cent glycerol, 
about 15 mg. of solid ferrous ammonium sulfate, and borate buffers of 
various pH up to 5cce. final volume. The extinction which was read in the 
Pulfrich photometer, with a 0.5 cm. cuvette and Filter 61, rose from 0.52 
at pH 7.26 to 1.50 at pH 9.97. At higher pH, the solutions were very 
unstable and rapidly became turbid, making correct readings impossible, 
Some experiments with glycine buffer gave similar results. 

After reading, the colors were diluted with the respective buffers, to 
which 20 per cent glycerol had been added, and again read. The extine- 
tion values thus obtained decreased quite out of proportion to the dilution, 
e.g. from 1.18 (undiluted, pH 8.9) to 0.44 (1:1 dilution, same pH), or 
from 1.11 (undiluted, pH 8.57, glycine buffer) to 0.20 (1:3 dilution, same 
buffer). Better results were not obtained if instead of dilution smaller 
amounts of violuric acid, 0.15 or 0.3 mg., were determined directly, indi- 
cating that Beer’s law is not valid under these conditions. In order to 
test whether this was brought about by dissociation of the colored com- 
pound into colorless ions, attempts were made to depress the dissociation 
by various additions. Glycerol, alcohol, ferrous sulfate, and magnesium 
sulfate all strongly increased the color, roughly in proportion to the amounts 
added. Once this had been established, it was decided to carry out the 
reaction in a water-free solution, in order to prevent dissociation as far 
as possible; therefore absolute alcohol was chosen as the solvent. 

In alcoholic solutions, strong and stable colors were obtained, which did 
not further increase upon the addition of glycerol or any of the other 
substances mentioned above. Small amounts of alkali had only a small 
effect on the color. After dilution with absolute alcohol, the extinction 
coefficients of the solution decreased in exact proportion to the dilution 
over a wide range of concentration. A final difficulty arose when it was 
observed that hydroxylamine hydrochloride, the presence of which is 
necessary during the later stage of the determination, caused a substantial 
depression of the color, owing to a decrease in pH from 5.8 in the original 
solutions to about pH 5.0 after addition of hydroxylamine. This was 
overcome by the addition of quinine hydrochloride, which is easily soluble 
in alcohol and stabilizes the pH at 5.9. 

A few remarks may be appropriate concerning the composition of the 
colored reaction product. Kuester (6) isolated a blue compound from aque- 
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ous solutions of violuric acid and ferrous acetate, which was insoluble in 
organic solvents and which had an iron content corresponding to a simple 
iron salt with the formula Fe(CyH,O,Ns3)2. The possibility of complex 
salt formation should not be overlooked, however, particularly since 
Hantzsch (7) isolated a number of complex salts of violuric acid with 
monovalent metals, with the general formula MeC,H:0O.N; + CyHsQ,4Ns. 
To obtain some experimental evidence on this point we tried to determine 
the minimum amount of iron (as ferrous ammonium sulfate), sufficient 
to give the optimum color with a given amount of violuric acid. On grad- 
ual addition, the optimum was reached with 35 vy of iron per 0.3 mg. of 
violuric acid, and further addition remained without effect. This figure 
corresponds fairly closely to the 32 y required by a compound of the com- 
plex formula Fe(C,H,O.Ns)2 + CsHsO4Ns. The iron violurate of Kuester 
would require 45.7 y of Fe. 


Construction of Standard Curve for Photometric Determination of 
Violuric Acid 

60 mg. of violuric acid, prepared either from alloxan and hydroxylamine, 
or from barbituric acid and sodium nitrite, and dried to constant weight 
at 100°, were dissolved in 100 cc. of absolute alcohol. This solution re- 
mains stable for months, even at room temperature. To various amounts 
of this standard were added 1 ce. of 50 per cent (by volume) glycerol in 
absolute alcohol, 10 mg. of solid hydroxylamine hydrochloride, and ab- 
solute alcohol up to 5 ec. Cautious heating below the boiling point facili- 
tates solution of the hydroxylamine. 0.2 gm. of quinine hydrochloride 
was next added, followed by 0.1 cc. of a saturated solution of ferrous am- 
monium sulfate in 50 per cent glycerol-alcohol. The blue color which 
develops immediately remains stable for hours. 

Extinction was measured in the Pulfrich photometer, with a 1 cm. 
cuvette and Filter 61 (610 my). Fig. 1 shows that Beer’s law holds satis- 
factorily between 0.04 and 0.4 mg. of violuric acid. Above 0.15 mg. the 
color is so strong that it is better read in a 0.5 cm. cuvette. Fig. 2 demon- 
strates the spectral distribution of the absorption, as determined roughly 
with the nine filters available for our instrument. 


Conversion of Alloxan into Violuric Acid 


Violuric acid is prepared with nearly theoretical yield by mixing equi- 
molecular amounts of alloxan and hydroxylamine in saturated solutions. 
An attempt was therefore made to evaporate dilute solutions of the two 
substances in vacuo, and very satisfactory yields were obtained when the 
violuric acid formed was determined by the method outlined above. The 
conversion became quantitative when alcohol, small amounts of glycerol, 
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or both, were present during the evaporation. Since the latter substance 
prevented spattering of the contents of the flask towards the end of the 
process and possibly stabilized the colors later obtained, its addition was 
incorporated into the procedure finally adopted. It should be emphasized, 
however, that the presence of glycerol has no influence on the strength of 
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Fia. 1. Standard curve for the determination of violuric acid (<) and recovery 
of alloxan as violuric acid (@). 
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Fig. 2. Spectral distribution of the extinction coefficient of iron violurate (0.3 
mg.) in alcoholic solution. 


the color of iron violurate in alcoholic solution, and is used only for its 
physical properties during the evaporation. 

An excess of hydroxylamine was found necessary in order to obtain 
quantitative yields of violuric acid. For amounts up to 0.25 mg. of al- 
loxan, 10 mg. were sufficient, but for 0.4 mg. 18 mg. were needed. 


Determination of Alloxan 


Apparatus—This is an ordinary 50 cc. distillation flask, fitted with a fine 
capillary reaching exactly to the bottom; the side tube should be situated 
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in the upper part of the stem. A 300 cc. beaker filled with paraffin oil 
or glycerol serves as the bath. 

Reagents— 

1. A mixture of equal volumes of glycerol and absolute alcohol, con- 
taining per cc. 15 mg. of powdered hydroxylamine hydrochloride dissolved 
by moderate heating. 

2. Quinine hydrochloride, iron-free, U. S. P. or B. P. grade, is satis- 
factory. 

3. Iron solution. To 25 mg. of ferrous ammonium sulfate are added 3 
drops of water and 5 cc. of the glycerol-alcohol mixture. This should 
be freshly prepared every 2nd day. 

4. Alloxan standard. An aqueous solution of alloxan monohydrate, 
containing 0.3 mg. per cc. If acidified with a drop of n H,SO,, and stored 
at 4°, it remains stable for at least 1 week. 

Procedure—The sample under investigation is introduced into the 
distillation flask, and 1 cc. of the hydroxylamine solution is added, fol- 
lowed by sufficient alcohol to bring the volume to about 20 ce. Distilla- 
tion is then started by gradual evaporation with a water pump. It is 
convenient to have the bath previously heated to 40—-50°. Under these 
conditions the whole distillation takes about 12 minutes, at the end of 
which the temperature should have risen to 90-100°. It is further raised 
to 110-120° within about 5 minutes, with occasional closing and opening 
of the capillary with the finger to facilitate expulsion of the last traces of 
moisture from the glycerol. Should any water remain on the neck of the 
flask, it is removed by gentle heating with a Bunsen flame. 

The flask is then allowed to cool outside the bath, with the vacuum 
still on. When cool, exactly 4.5 cc. of absolute alcohol are added, followed 
by 0.2 to 0.3 gm. of solid quinine hydrochloride. The flask is thoroughly 
shaken for 1 minute, to insure complete solution, and finally 0.1 cc. of the 
iron solution is added. The blue solution is filtered, if necessary, and its 
extinction read in a photometer at 610 mu. With pure alloxan it remains 
stable for hours, but with extracts from biological material it usually 
becomes turbid in 10 to 20 minutes. 

Fig. 1 shows the recovery, with this method, of various amounts of 
alloxan as violuric acid. The extinction values lie very closely to the 
standard curve constructed by direct determination of violuric acid, a 
fact which proves that the conversion of alloxan into violuric acid is quan- 
titative under these conditions. Since the molecular weights of alloxan 
monohydrate (160) and violuric acid (157) are nearly identical, for practical 
purposes each mg. of alloxan can be assumed to yield 1 mg. of violuric acid. 
In the construction of the curve of Fig. 1, however, the theoretical relation- 
ship has been taken into account. 

Violuric acid can thus be used as a convenient and stable standard for 
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the photometer or the Duboscq type colorimeter. Nevertheless, each 
analyst should check the efficiency of the condensation procedure by plot- 
ting his calibration curve from an alloxan standard and comparing it with 
that obtained by direct determination of violuric acid, as has been done 
here. Each mg. of alloxan should give the same color as 0.97 gm. of 
violurie acid. 

Blank—With pure alloxan solutions, a blank determination is not neces- 
sary, since no color is obtained from the reagents. Extracts of biological 
materials, prepared by the method outlined later, yield a light brown color 
which lends a greenish tinge to the pure blue of iron violurate. The ex- 
tinction of these brown solutions, when measured with Filter 610, corre- 
sponds to that of 0.01 to 0.02 mg. of alloxan. If high accuracy is desired, 
or if amounts of alloxan smaller than 0.1 mg. are to be determined, this 
blank value must be taken into account. This is done by measuring the 
absorption of the filtered final solution before and after the addition of 
iron and using the difference between both readings for calculation from 
the standard curve. 

Specificity of Method—All N-substituted alloxans yielded blue iron 
violurates with the present procedure, which can thus be used for the 
determination of these partly diabetogenic (8) compounds. The first 
reduction product of alloxan, dialuric acid, was likewise converted up to 
80 to 90 per cent into violuric acid; this can be explained by the fact that 
dialuric acid is readily autoxidized to alloxan (9). Accordingly, any 
dialurie acid which might be present in biological material is also deter- 
mined, but this can hardly be considered a setback, since this compound 
has been shown by Briickmann and Wertheimer (8) to possess the same 
diabetogenic action as alloxan, into which it seems to be rapidly converted 
in vivo by blood hemoglobin. Alloxantin, the condensation product of 1 
molecule of alloxan and of dialuric acid, dissociates in aqueous solution into 
these compounds (10) and accordingly is recovered as violuric acid. Al- 
coholic solutions of alloxantin gave only traces of violuric acid. 

No color was obtained with alloxanic acid, parabanic acid, murexide, 
uric acid, barbituric acid, and phenobarbitone. Ninhydrin gave a brown 
color, which it may be possible to use for the quantitative determination 
of this compound. A large number of blood and organ extracts from 
various sources never yielded a blue color. This proves, incidentally, the 
absence of appreciable amounts of alloxan in normal tissues, which is in 
contradiction to the recent report by Ruben and Tipson (11). 


Application of Method to Biological Material 


Obviously, a satisfactory extraction method should give the maximum 
of alloxan and a minimum of interfering substances, at the same time in- 











Su 
ac’ 
to 
ml 
An 
an 
ne 


abs 


ch 
»t- 








G. BRUCKMANN 109 


suring removal of all proteins. Alloxan is easily soluble in water and 
acids, so that Folin-Wu or trichloroacetic acid extracts should be expected 
to give good results. These filtrates, however, were found to contain 
much interfering material, and all attempts to remove it were unsuccessful. 
Ammonium sulfate, followed by alcohol, was much better in this respect, 
and treatment with fullers’ earth, which does not absorb alloxan, removed 
nearly all interfering substances. The procedure finally adopted for the 
extraction of alloxan from biological material is as follows: 

Tissues—1 gm. of tissue, freshly excised or frozen in a CO,-ether mix- 
ture, is immediately placed in a small, ice-cooled mortar, rapidly minced, 
and ground with glass powder with the addition of 0.5 gm. of ammonium 
sulfate. The mixture is then extracted by successive portions of ice-cold 
absolute alcohol, a total volume of 20 cc. being used. The extracts, to- 
gether with the residue, are transferred to a centrifuge tube, vigorously 
shaken for 2 minutes, and centrifuged for 5 minutes. The supernatant is 
decanted into a second tube containing 1 gm. of fullers’ earth (free from 
alkali) and 2 drops of n HCl, and the tube is shaken for 1 minute and again 
centrifuged. The filtrate is now ready for analysis, but may be kept for 24 
hours in the refrigerator without loss of alloxan. 

Blood or Serum—Freshly drawn blood is immediately placed in an 
ice-cooled test-tube containing an anticoagulant; heparin, oxalate, and 
fluoride are all equally satisfactory. 1 cc. is quickly pipetted into a large 
centrifuge tube, 0.5 gm. of solid ammonium sulfate and 20 cc. of cold absolute 
alcohol are added, and the mixture is shaken for 3 minutes. After centrif- 
ugation, the sample is ready for analysis and needs no treatment with 
fullers’ earth, since blood and serum filtrates do not contain interfering 
substances. 

Table I shows the results of some typical experiments in which 0.3 mg. 
of alloxan was added to various extracts prepared as outlined above. The 
over-all range of recovery, as determined on some 50 samples of blood, 
serum, plasma, and various organs is from 70 to 95 per cent. For practical 
purposes it is therefore suggested that alloxan values found in analyses 
of similar biological material be multiplied by 1.25 to correct for incomplete 
recovery. This correction, which is necessitated by the loss of alloxan 
caused by interfering substances in the alcohol extracts, may be termed 
the “filtrate correction.” 

A second, minor source of alloxan loss was discovered when alloxan, 
dissolved in 0.75 cc. of water, was added to 20 cc. of absolute alcohol, cen- 
trifuged, and the alloxan content of the filtrate determined. Rather un- 
expectedly a constant loss of 10 per cent was encountered, regardless of 
the amount of alloxan added. With 50 per cent alcohol the loss was still 
greater, but addition of 40 instead of 20 cc. of absolute alcohol resulted in 
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100 per cent recovery. Since, however, it seems impracticable to use more 
than 20 ce. of alcohol per gm. of tissue, no alteration in the procedure jg 
proposed. 

No correction has been made throughout this paper for this loss, which 
is probably due to the insolubility of alloxan hydrate in alcohol, the com- 
pound actually dissolved being alloxan anhydride (Biltz (12)). Experi- 
ments with a few N-substituted alloxans indicate a higher degree of in. 
solubility in aleohol, so that with such substances appropriate corrections 
should be employed. 


Taste I 
Recovery of Allozan (0.8 Mg.) Added to Alcoholic Tissue Extracts 

















Source of extract, 1 gm. or 1 cc. Age of sample Alloxan recovered Recovery 
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Recovery of Alloxan from Biological Materials 


Alloxan disappears very rapidly from biological materials. This has 
already been observed by previous workers (1-3) who stressed the necessity 
of speed in the extraction of alloxan. Knowledge of the factors responsible 
for this disappearance is essential for an understanding of the fate of alloxan 
in the body, and may thus be of value for the elucidation of the specific 
diabetogenic action of this compound. 

While a more detailed report on the interaction of alloxan and tissues 
and its distribution in the body after injection will be given in a later 
publication, the object of the present paper is to show to what extent 
recovery of alloxan may be expected when it is added to minced tissues, 
blood, or serum. 

If not indicated otherwise, all samples were used immediately after 
being taken, or were kept frozen in a CO,-ether mixture for up to 30 
minutes. When acidification was desired prior to the addition of alloxan, 








more 
ire is 


rhich 
com- 
peri- 
f in- 
‘ions 


ity 
ble 
aD 
ific 


1€8 


nt 
es, 


eT 


- Ss 





| 


| 


G@. BRUCKMANN lll 


KH:PO, (pH 4.5) or HCl was added. After short periods of contact, 
either in test-tubes with gentle shaking or in mortars with stirring, alloxan 
was extracted by the ammonium sulfate-alcohol-fullers’ earth process. 
Table II lists a number of such experiments carried out at about 4°, 
since it was found that usually somewhat better recoveries were obtained 
at a lower temperature, which likewise slowed the rate of disappearance of 


TaB_LeE II 


Recovery of 0.8 Mg. of Allozan Added to Biological Material 
Amount of tissue, 1 gm. or 1 cc.; time of contact, 5 to 10 seconds; temperature, 4°. 








a Tissue Species Age of sample pH x... Recovery 
7 per ceni 
1 Serum Man Fresh Natural 76 25 
1 ae e “ce 1-2 90 30 
1 " wie 2 days Natural 170 57 
2 - Cat Fresh - 161 53 
3 “ Rabbit 1 day " 190 63 
4 Blood - Fresh - 130 43 
4 ” _ 1 day ” 121 40 
5 - Man Fresh - 103 34 
5 - ” - 4.5 121 40 
6 ” = 1 day Natural 142 48 
6 S <9 Ba 4.5 148 49 
7 Pancreas Rat Fresh Natural 138 46 
8 - Cat si ” 106 35 
9 Liver Rat " ” 115 38 
10 - Rabbit a aes 127 42 
10 -” - “ 4.5 117 39 
ll Kidney Rat " Natural 65 22 
12 Muscle Cat ” sis 76 25 
12 “ . - 1-2 60 20 























*“Filtrate correction”’ (see the text) applied. 


alloxan from the mixtures. In these experiments, the actual “filtrate 
correction” (see above) was determined for each sample by direct analysis. 

While fairly large differences exist in the alloxan-binding power of the 
various samples, it is evident that even at low temperature and very short 
contact times more than half of the alloxan added disappears immediately. 
Somewhat better results were obtained when 5 mg. instead of 0.3 mg. of 
alloxan were added per gm. of tissue, but such concentrations are not 
encountered in actual injection experiments. Acidification prior to the 
addition of alloxan had usually little influence on recovery; however, keep- 
ing the samples for 1 to 2 days at 4° before use resulted frequently in 
a decrease in their alloxan-binding power. 











112 DETERMINATION OF ALLOXAN 


Archibald (3), in his extensive review of the known properties and p. | 


actions of alloxan, comes to the conclusion that at least two factors may 
account for the disappearance of alloxan from biological material: (1) 
alkalization, with formation of alloxanic acid, (2) reduction to alloxantip 
by the SH— and a-amino groups of proteins or free amino acids. The 
same two mechanisms had already been suggested by Labes and Freig. 
burger (13). The influence of the first factor can be avoided by the use 
of acidified tissues, as shown above. Thus the large and immediate logs 
which occurs nevertheless with fresh tissues cannot be due to alkalization, 
It remains to be seen whether it is caused by the immediate reduction, 
by SH— or other groups, of alloxan to dialuric acid, with subsequent 
formation of alloxantin and murexide, or whether some other reaction 
is involved. 


SUMMARY 


1. The color reaction between violuric acid and ferrous salts has been 
studied, and a photometric method for the determination of violuric acid 
has been developed. 

2. Alloxan is quantitatively converted into violuric acid by evapora- 
tion in vacuo in the presence of hydroxylamine. It can thus be deter- 
mined as violuric acid. 

3. The method is specific for alloxan, N-substituted alloxans, and dialuric 
acid, and amounts of alloxan ranging from 0.04 to 0.4 mg. can be deter- 
mined. 

4. Treatment of blood, serum, or tissues with ammonium sulfate, alcohol, 
and fullers’ earth yields extracts from which added amounts of alloxan 
are satisfactorily recovered. Several other extraction methods have been 
found less suitable. 

5. Recovery experiments show that a large percentage of alloxan dis- 
appears immediately after its addition to biological material, even at 
low temperature and acid reaction. 


I wish to express my thanks to Mr. M. Chaimowitz for his valuable 
technical assistance during the development of this method. 
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THE METABOLISM OF SULFUR 


XXXI. THE DISTRIBUTION OF URINARY SULFUR AND THE EXCRETION 
OF KETO ACIDS AFTER THE ORAL ADMINISTRATION OF SOME 
DERIVATIVES OF CYSTINE AND METHIONINE TO THE RABBIT* 


By CHAO-WEN SHEN ano HOWARD B. LEWIS 


(From the Department of Biological Chemistry, Medical School, University of Michigan, 
Ann Arbor) 


(Received for publication, June 5, 1946) 


The enzymatic systems which effect the biological degradation of the 
sulfur-containing amino acids of the protein molecule, cystine and methio- 
nine, are not well understood. Knowledge of the intermediary stages in the 
metabolism of these amino acids is also lacking. When either of these 
amino acids is administered orally or parenterally in moderate amounts to 
the more common laboratory animals (cat, dog, rabbit, or rat), the sulfur is 
excreted almost exclusively as oxidized (sulfate) sulfur in the urine, and 
slight increases only in the organic sulfur fraction of the urine are observed. 

It is generally believed that a primary change in the metabolism of the 
naturally occurring amino acids is oxidative deamination; enzyme systems 
which accomplish this oxidation have been described (1), and the products 
of such deamination have been isolated, not only in in vitro experiments 
with tissue slices (2) but also from the urine of experimental animals to 
which amino acids were administered (3). The keto acid derived from the 
oxidative deamination of methionine has been thus characterized but, so 
far as is known to us, the corresponding derivative of cystine has not been 
identified as a product of the intermediary metabolism of this amino acid. 

A second problem of catabolism must be considered also in the study of 
the sulfur-containing amino acids; 7.e., the oxidation of the sulfur. Does 
oxidation of the sulfur occur prior to oxidative deamination? What is the 
relation, if any, between oxidative deamination and oxidation of the sulfur? 
One of us (L.) has shown that if the deamination of the amino group of 
cystine (4, 5) or methionine (6) is interfered with by “blocking” the amino 
group with a group difficult to remove biologically (phenylureido or ben- 
zoyl), the oxidation of the sulfur does not occur normally. When these 
compounds were administered to rabbits, no significant increase in the 
oxidized (sulfate) sulfur of the urine was observed and the sulfur of the 
compounds administered appeared largely in the organic sulfur fraction of 
the urine. This relative stability of the sulfur in derivatives of cystine or 


* This research was made possible by grants from the research funds of the 
Horace H. Rackham School of Graduate Studies. 
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cysteine in which the thiol group, the amino group, or both groups are 
blocked, has also been demonstrated by Sherwin and his coworkers (7). 

The development of methods for the determination of a-keto acids jn 
biological material (3, 8) has made possible a new approach to the problem 
of the metabolism of the sulfur-containing amino acids. If oxidative deami- 
nation of the S-substituted derivatives of cysteine or homocysteine has 
occurred, and if further oxidation (7.e. of the sulfur) was prevented, the 
a-keto acid might be excreted in the urine and the sulfur of this compound 
would contribute to the urinary organic sulfur. Furthermore, it has been 
demonstrated that in the metabolism of the aromatic S-substituted deriva- 
tives of cysteine and homocysteine, the amino group may be acetylated and 
the acetylated product (mercapturic acid) may be excreted in the urine 
(9). The “extra” organic sulfur of the urine in such experiments might 
thus include (1) the sulfur of the compound administered, (2) the sulfur of 
the a-keto acid, and (3) the sulfur of mercapturic acid. 

The purpose of the present study was to investigate the distribution of 
the urinary sulfur after administration of certain derivatives of cysteine, 
homocysteine, and methionine not previously studied and to correlate the 
oxidation of the sulfur with the deamination so far as was possible. The 
experiments have demonstrated that deamination of such compounds as 
S-benzylceysteine and S-benzylhomocysteine occurs without oxidation of 
the sulfur to sulfate sulfur and that the a-keto acids thus formed are ex- 
creted in the urine. 


EXPERIMENTAL 


The general procedures and analytical methods were those used in pre- 
vious studies of the oxidation of sulfur compounds (6). Adult male rabbits, 
2 to 3 kilos in weight, were kept in metabolism cages and were fed 75 gm. of 
cabbage and 45 gm. of oats daily. The daily food was consumed con- 
pletely except in a very few instances on the days when the compounds 
were fed. 

The compounds, for the most part difficultly soluble in water, were dis- 
solved in a small volume of water with the aid of sodium hydroxide, the 
amount of alkali used being slightly in excess of the theoretical, and these 
solutions were administered through a stomach tube. With S-benzylcys- 
teine and S-benzylhomocysteine, it was not possible to effect complete 
solution in this way readily and the compounds were fed partly as the so- 
dium salt and partly as the amino acid derivative in suspension. 

Keto acids were estimated by Shacter’s modification? of the method of 
Case (8). The day’s specimen of urine was diluted to 250 to 300 ml. and 
10 ml. of this were further diluted to 50 ml. 5 to 10 ml. of this last diluted 


1 Witter, R. F., unpublished data. 
* Shacter, B., unpublished data. 
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urine were placed in a separatory funnel (125 ml. capacity) and 1 ml. of the 
2,4-dinitrophenylhydrazine reagent* was added. After 15 minutes, the 
solution was extracted with 25 ml. of redistilled benzene (3 minutes 
shaking). 

The aqueous layer was drawn off and the benzene extract was washed 
with 5 ml. of water, which was drawn off and discarded. 20 ml. portions 
of the benzene extract were transferred to a clean separatory funnel and 
were extracted three times with 10, 5, and 5 ml. portions of a borate buffer‘ 
(pH 8.8). Small amounts (2 ml.) of the buffer were added after each ex- 
traction and were drawn off immediately without shaking in order to wash 
out the stem of the funnel. The extract and washings were combined in a 
25 ml. glass-stoppered graduate, diluted to 25 ml. with borate buffer, and 
after thorough mixing, 10 ml. aliquots were pipetted into 25 ml. volumetric 
flasks. After the addition of 10 ml. of 2 N sodium hydroxide, the contents 
were diluted to 25 ml. with water and thoroughly mixed. After 90 seconds, 
the intensity of the color developed was measured by means of an Evelyn 
photoelectric colorimeter with the use of filter No. 520. The amount ‘of 
keto acid was calculated from the standard value of K obtained by applying 
the same procedure to aqueous solutions of sodium phenylpyruvate' of 
known concentration. 

It was not possible to secure the keto acid derivatives of all the com- 
pounds studied for use as standards. It was accordingly decided to ex- 
press all keto acid values in terms of phenylpyruvic acid. The amount 
of sulfur excreted as the keto acid of the derivatives fed was then calculated 
on the assumption that all the extra keto acid excreted was derived from 
the compound fed. 

A series of other a-keto acids* (pyruvic (sodium salt), o-nitrophenylpyru- 
vic, a-keto-8-methylvaleric, a-ketoisocaproic, and a-keto-y-methylthiol- 
butyric acids) was tested by the procedure outlined. The intensities of the 
colors developed by equimolar solutions of phenylpyruvic acid and the other 
a-keto acids agreed within 10 per cent. This is in confirmation of the 
results of Waelsch and Miller (3). 

The di-methionine, dl-N-methylmethionine, and the dl-N-benzoylmethio- 


*0.2 gm. of 2,4-dinitrophenylhydrazine was dissolved in 70 to 80 ml. of 2 N hydro- 
chloric acid with warming and the solution was diluted with water to 100 ml. 

‘A mixture of 8 gm. of borax and 3 ml. of concentrated hydrochloric acid was dis- 
solved in water to make a volume of 1 liter. 

* An amount of the monohydrate of sodium phenyl! pyruvate (0.0622 gm.), which 
was equivalent to 50 mg. of the acid, was dissolved in water and the solution was 
diluted toa liter. 10 ml. of this solution were equivalent to 0.5 mg. of phenylpyruvic 
acid. 

*We are indebted to Dr. R. W. Jackson for the sample of o-nitrophenylpyruvic 
acid, to Dr. W. C. Rose for the a-keto-8-methylvaleric and a-ketoisocaproic acids, 
and to Dr. W. M. Cahill for the a-keto-y-methylthiolbutyric acid. 
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nine were prepared in this laboratory by Dr. J. M. Burckhalter; the dj.s. | readil 


benzylcysteine, dl-S-benzylhomocysteine, and S-carboxymethylcysteine 


were similarly prepared by Dr. F. R. Blood, and S-phenyleysteine by Dr, | 


R. F. Witter. Inactive’ homocystine was obtained from Dr. 8. A. Lough 
of the University of Nevada and ethionine from Dr. Vincent du Vigneaud 
of Cornell University Medical College. The A. E. Staley Manufactur- 
ing Company supplied the /-methionine. That these compounds were of 
satisfactory purity was demonstrated by analyses for sulfur and nitrogen, 

The results of typical experiments are summarized in Table I. It will be 
noted that in the experiments with /-methionine the greater part of the 
extra sulfur of the urine was present in the oxidized (sulfate) form and that 
the excretion of extra keto acid was negligible. The ease of oxidation of 
the sulfur is in agreement with the results previously obtained in this lab- 
oratory with rabbits fed di-methionine (6). It is to be noted also that, in 
two other experiments with the animals (Nos. 1 and 3) in which amounts of 
dl-methionine comparable to those of Table I were fed, the extra keto acid 
excretions were 4 and 8 mg. respectively as compared to 2 and 8 mg. (Table 
I) when J-methionine was fed. This ready oxidation of dl-methionine as 
compared with that of the / isomer was not unexpected since the isomeric d- 
and /-methionine are reported to be equally well utilized for growth by the 
white rat (11, 12). 

The sulfur of dl-N-monomethylmethionine appeared also to be readily 
and completely oxidized, the distribution of the extra urinary sulfur being 
similar to that observed previously after the administration of dl-methio- 
nine (6) and in the present series with /-methionine (Table I). No signifi- 
cant increases in the excretion of keto acids were observed. Similar results 
were obtained in two other experiments not detailed in Table I. It is usu- 
ally assumed that the N-monomethyl] amino acids are oxidatively deami- 
nized and behave similarly in metabolism to the unsubstituted amino 
acids. dl-N-Monomethylmethionine (13) and N ,N’-dimethyl-l-cystine 
(14) are both effective in the promotion of growth of rats on a diet deficient 
in sulfur-containing amino acids. In view of these observations, the ready 
oxidation of the sulfur of N-monomethylmethionine was not unexpected. 

It has previously been demonstrated in this laboratory (6) that when the 
a-amino group of methionine is blocked by a benzoyl group, a group not 
readily removed in metabolic activity, the oxidation of the sulfur does not 
occur readily. In two experiments, not presented in Table I, in which 
N-benzoylmethionine was fed, the changes in the keto acid excretion were 
so slight as to be within the error of the experiment. Similarly, in an ex- 
periment with S-carboxymethycysteine, whose sulfur is not oxidized 


? Homocystine was prepared by the demethylation of dl-methionine. It is not 
known whether this is the di isomer or the meso isomer or a mixture of the two (10). 
For convenience, the compound will be referred to as inactive homocystine. 
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| yeadily when the compound is administered to the rabbit (15), no increases 


in the keto acid excretion were noted. 


TaBLe I 


| Beeretion of Extra Sulfur and Extra Keto Acids in Urine after Oral Administration of 





Derivatives of Cystine and Methionine 


With the exception of ethionine, the amount of each compound fed was the equiva- 
lent of 430 mg. of sulfur (with ethionine, 143 mg. of 8). In the first column the first 
yalue is the number of the experimental animal and the second the number of the ex- 
periment. In the column headed total sulfur, the values in parentheses represent 
the extra total S excretion expressed as percentage of the amount fed and the values 
in parentheses in the sulfate and organic sulfur columns the percentage distribution 
of the extra total sulfur as extra sulfate and extra organic sulfur. Keto acids are cal- 
culated as phenylpyruvic acid and as sulfur on the assumption that all the extra keto 
scid is derived from the sulfur-containing compound fed. In all the experiments, 
the first horizontal line represents excretions of the first 24 hour period and the second 
those of the entire period following administration of the compounds during which 


extra sulfur was excreted. 











Extra S Extra keto acid 
| aie! oe As S 
=_ —* Total Total SO. Goat: | iv | @)/Ke) 
> (a) (b) 
mg. “me. mg. mg. me. 
14 | l-Methionine 134 (31) 102 (76) 32 (24) 2] 0.4 1 
3-5 “ 302 (47) 159 (79) 43 (21) 8 1.5 3.5 
387 (90) 315 (81) 72 (19) 12 2.3 3 
1-5 | dl-N-Methyl- 105 (24) 79 (75) 26 (25) 1 0.2} <1 
methionine 267 (62) 212 (79) 55 (21) 1 0.2) <l1 
3-6 “ _ 187 (43) 117 (63) 70 (37) 4 | 0.7 1 
402 (93) 284 (71) 118 (29) 7 1.3 1 
3-7 | Homocystine 175 (41) 93 (53) 82 (47) 28 | 5.5 7 
211 (49) 87 (41) 124 (59) 43 8.5 7 
5-1 “ 162 (38) 86 (53) 76 (47) 27 | 5.4 7 
260 (60) 125 (48) 135 (52) 44 | 8.6 6 
3-8 | dl-S-Benzyl- 91 (21) —26 (—29) | 117 (129) | 168 | 32.8; 28 
homocysteine} 371 (86) 54 (15) 317 (85) 298 | 58.1] 18 
4-1 - “ 232 (54) 33 (14) 199 (86) 219 | 42.8; 21 
278 (65) 37 (13) 241 (87) 221 | 43.2; 18 
6-2 | Ethionine 102 (72) 7 (7) 95 (93) 38 | 7.4 8 
165 (115) —6 (—4) 171 (104) 65 | 12.6 7 
6-3 | dl-S-Benzyl- 198 (46) 36 (18) 162 (82) 92 | 18.0; 11 
cysteine 332 (77) 107 (32) 225 (68) 105 | 20.4 9 
10-1 - “ 142 (33) —1 (-1) 143 (101) 76 | 14.8| 10 
189 (44) 19 (10) 170 (90) 76 | 14.8 9 





























Our results indicate a less ready oxidization of the sulfur of inactive 
homocystine as evidenced by the excretion of extra urinary sulfate sulfur 
than has been reported previously by du Vigneaud and coworkers (10). 
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This may be explained by the larger amount of homocystine fed (1.8 gm. as 
compared with 0.5 gm.). A definite increase in keto acid was observed, 
which corresponded to approximately 7 per cent of the extra organic sulfur. 
It may be noted that in experiments with tissue slices (liver, kidney) of rats 
(16), no evidence of the deamination of either homocystine or homocysteine 
as shown by the formation of keto acid could be demonstrated. Our experi- 
ments suggest that inactive homocystine is less readily metabolized by the 
rabbit than are dl-methionine and [-cystine. 

Ethionine, the homologue of methionine which contains an S-ethyl group 
rather than an S-methyl group, will not promote the growth of rats on a 
cystine-deficient diet, a striking example of the specificity in the biological 
reactions of the S-containing amino acids (17). Further evidence of the 
biological inertness of ethionine is afforded by the single but striking experi- 
ment recorded in Table I. 72 per cent of the sulfur of the orally adminis- 
tered ethionine was excreted within 24 hours after its administration but of 
this almost the entire amount (93 per cent) appeared as organic sulfur. 
The keto acid excretion was increased, corresponding to about 8 per cent of 
the extra organic sulfur of the urine. It appears that ethionine is not 
readily metabolized, even though some deamination has occurred. The 
behavior of ethionine is in striking contrast to that of another type of 
analogue of methionine, S-methylcysteine. Although the latter cannot 
support the growth of rats in lieu of cystine (10, 18), which is presumed to 
indicate a failure of demethylation, its sulfur is excreted in large part as 
sulfate sulfur after oral administration to rabbits (10). Studies of the 
action of the amino acid oxidases on S-ethylcysteine, a homologue of ethio- 
nine, have shown that both the / isomer (1) and the di isomer (2) are 
rapidly oxidized. 

In addition to ethionine, two other S-substituted derivatives of amino 
acids were studied in some detail, S-benzylhomocysteine and S-benzyleys- 
teine. With these compounds in which a non-labile group, the benzyl 
group, is attached to the sulfur, no significant oxidation of the sulfur was 
observed. There were no increases in the oxidized sulfur of the urine be- 
yond the error of the experimental procedure, and the entire increase in 
urinary sulfur was in the organic sulfur fraction. Despite this failure of 
oxidation of the sulfur, considerable deamination occurred, since the 
excretion of keto acids corresponded to 28 and 21 per cent of the extra 
organic sulfur with S-benzylhomocysteine and 11 and 10 per cent with 
S-benzylcysteine. The failure of oxidation of the sulfur of S-benzyleys- 
teine is in confirmation of experiments in the literature (7, 19) and unpub- 
lished results from this laboratory.!_ We have also studied the distribution 
of urinary sulfur' and the keto acid excretion after feeding 0.75 gm. of 
S-phenyleysteine to two rabbits. The results were similar to those dis- 
cussed above, i.e. a sharp increase in keto acid excretion and failure of oxida- 
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tion of the sulfur, all of the extra sulfur being present in the organic sulfur 
fraction of the urine. 

It has been demonstrated that the S-benzyl derivatives of cysteine (9, 
20)! and homocysteine (9, 20) are acetylated and are excreted in the urine 
as mercapturic acids. Quantitative studies are lacking; the amounts of 
mercapturic acid isolated, while undoubtedly minimal, represented a rela- 
tively small proportion of the compounds administered. The extra organic 
sulfur of the urine in our experiments with these derivatives of cysteine and 
homocysteine is undoubtedly derived from at least three sources, the un- 
changed derivative, the acetylated compound (mercapturic acid), and the 
deaminized amino acid (a-keto acid). We have quantitative data on the 
last of these only. 

Since the analytical data indicated a very considerable excretion of a-keto 
acids after the administration of dl-S-benzylcysteine and dl-S-benzylhomo- 
cysteine, attempts were made to isolate the 2,4-dinitrophenylhydrazine 
derivatives of the keto acids from the urine by a procedure similar to that 
used by Waelsch and Miller (3). 

Although an initial precipitation of the hydrazone was readily obtained, 
it was difficult to secure a clean crystalline material when the crude deriva- 
tives were recrystallized. Success was finally achieved by adsorption on a 
column of alumina (prepared according to Brockmann, Merck and Com- 
pany). The chromatogram was developed by repeated washings with a 
mixture of ethyl acetate and ethanol (2:1 followed by 1:1). After the 
final washing, a small brownish yellow band and a yellow band were ob- 
tained. These were separated mechanically and both bands were eluted 
with 2 per cent sodium carbonate with gentle heating. After filtration the 
eluate was acidified with dilute hydrochloric acid (1:4) and the flocculent 
precipitate was filtered off. The precipitate was dissolved in ethyl acetate. 
As the solvent evaporated at room temperature, small amounts of yellow 
needle crystals were obtained. 

The hydrazone of the a-keto-y-S-benzylbutyric acid melted at 160-161° 
(corrected) and gave the following results on analysis. 


Calculated for 
Ci7HisNsOeS Found 
per cent per cent 
Gueem........ Ora aires Oro ta 50.73, 50.78 
Hydrogen Sethe des chi erattee 3.96 4.29, 4.26 
NE. isaac in hy viele rebates chile meus 7.92 8.04, 7.92 
A di. vine sis acd ) scnipiad «aaa neee 13.86 12.48, 12.40 


With the exception of the values for nitrogen, these results compare 
closely with the expected values. The low values for nitrogen may possibly 
be related to analytical difficulties associated with the presence of nitro 


groups. 
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A similar hydrazone obtained from the urines of rabbits fed S-benzyleys. 
teine melted at 145.5-147° (corrected), but no microanalyses were made, 

It has been shown that /-amino acid oxidase (1) readily attacks S-benzy|- 
cysteine but that S-carboxymethylcysteine is oxidized very slowly. The 
N-monomethyl derivative of methionine is also oxidized rapidly. These 
observations with in vitro experiments are supported by the present in vivo 
studies with rabbits. Borek and Waelsch (16), however, in experiments 
with tissue slices were unable to deaminate homocysteine or homocystine, 
This is difficult to explain, particularly since the N-monomethyl derivative 
of homocysteine has been shown to be readily oxidized by purified /-amino 
acid oxidase. It has also been possible, in the present work, to demonstrate 
a significant increase in the urinary keto acid excretion after feeding homo- 


cystine. 
SUMMARY 


The distribution of extra urinary sulfur and the excretion of a-keto acids 
after the oral administration of methionine and various derivatives and 
homologues of ‘cysteine and methionine to rabbits have been determined. 

When dl- and /-methionine and dl-N-monomethylmethionine were fed, 
most of the extra sulfur of the urine appeared in the oxidized (sulfate) sulfur 
fraction and there was no appreciable increase in the excretion of a-keto 
acids. This finding is in agreement with the usually accepted hypothesis 
that N-monomethy] derivatives of amino acids undergo oxidative deamina- 
tion and are readily metabolized. 

When S-benzyl derivatives of homocysteine and cysteine were fed, the 
extra urinary sulfur appeared chiefly in the organic sulfur fraction and there 
was no evidence of oxidation of the sulfur. That oxidative deamination 
occurred nevertheless was shown by the significant increase of a-keto acids 
in the urine and by the isolation from the urine of the 2 ,4-dinitrophenyl- 
hydrazones of the corresponding a-keto acids. The sulfur of inactive 
homocystine was less readily oxidized than the sulfur of either dl- or /-me- 
thionine and significant increases in the urinary excretion of a-keto acids 
were observed after the administration. 

When ethionine was fed, all the extra sulfur appeared in the organic sul- 
fur fraction of the urine, while there was also a significant rise in the urinary 
a-keto acids. 

These results indicate that oxidative deamination of the sulfur-containing 
amino acids or their derivatives may occur, even though further oxidation 
(i.e., of the sulfur to sulfate) is blocked by the presence of a non-labile 
substituent group (in the present instance, ethyl or benzyl) attached to 


the sulfur. 
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THE DEVELOPMENT OF THE CYTOCHROME OXIDASE AND 
SUCCINOXIDASE SYSTEMS IN THE CHICK EMBRYO 


By HARRY G. ALBAUM, ALEX B. NOVIKOFF, ann MAURICE OGUR 


(From the Department of Biology and the Department of Chemistry, Brooklyn College, 
Brooklyn, New York) 


(Received for publication, May 4, 1946) 


Cytochrome oxidase and succinic dehydrogenase are closely linked, func- 
tionally in the succinoxidase system, and structurally by their attachment 
to the same particles (“macro molecules”’) of cells. Only with great diffi- 
culty has it been possible to separate either of the enzymes from these par- 
ticles. Stern (1), using ultracentrifugation and electrophoresis in the Tise- 
lius cell, was unable to fractionate the enzymes from the particles obtained 
from beef and pig heart muscle. The first indication that the enzymes 
could be separated was in the work of Hopkins, Lutwak-Mann, and Morgan 
(2), who obtained a fraction with succinic dehydrogenase activity but no 
cytochrome oxidase activity. Only recently have the enzymes been ob- 
tained in solution free of cellular particles. By controlled autolysis and 
ultrasonic vibration, Haas (3) separated the cytochrome oxidase component 
of heart muscle. By treating the mitochondrial granules of guinea pig 
liver with 0.01 m NaHCO;, Hogeboom (4) separated the succinic dehy- 
drogenase. 

In view of this intimate association in the cell, any difference in the time 
of appearance or in the rate of development of these two enzyme systems 
during embryogenesis would be of interest. The changes in the develop- 
ment of cytochrome oxidase in chick embryos have been studied (5, 6), but 
no similar studies have been reported for succinic dehydrogenase. In the 
present work, both cytochrome oxidase and succinoxidase activities were 
followed to determine whether they changed in the same manner. 


EXPERIMENTAL 


Eggs of red rock hybrid hens were incubated at 36-37° for lengths of time 
varying from 25 hours to 21 days. The embryos were removed from the 
yolk and dissected free from the area opaca in the early stages and from all 
extraembryonic membranes in the later stages. Through the 5th day of 
incubation, the age of each embryo was determined by microscopic exami- 
nation. There was considerable variability among the individual embryos 
of a given batch of eggs incubated for the same length of time. Those 
which differed too greatly from the expected age were discarded. The re- 
maining embryos were dropped into 1 ml. of ice-cold distilled water, 
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weighed, diluted to a given volume with water, and homogenized by a mo- 
tor-driven glass homogenizer (7). At the 21st day, when feathers and bone 
made immediate homogenization in this fashion difficult, the embryos were 
first broken up in the Waring blendor for 2 minutes. The number of 
embryos used for a homogenate was varied to keep the rate of oxygen up- 
take fairly uniform, from forty-four embryos at the earliest stage (25 hours) 
to three embryos in the later stages (after the 7th day). 

The homogenates were assayed manometrically at 37° for both succinoxi- 
dase and cytochrome oxidase activities (8). In the succinoxidase determi- 
nations, duplicates were run of each of the following three systems: (1) 0.3 
ml. of 0.5 m sodium succinate, pH 7.4; 0.5 ml. of 1.52 X 10 Mm cytochrome 
¢ (isolated from beef heart according to Keilin and Hartree (9) and pre- 
served in lyophilized state) ; 0.3 ml. of 4 K 10-*m CaCl; 0.3 ml. of 4 X 10° 
M AIC};; 0.8 ml. phosphate buffer (0.1 M, pH 7.4); 0.4 ml. of homogenate; 
and enough water to make a total volume of 3.0 ml. (2) is the same as (1), 
except for the addition of 0.3 ml. of 0.01 m sodium azide. (3) is the same as 
(1), except for the absence of cytochrome c. In the cytochrome oxidase de- 
terminations, the following four systems were used: (1) 0.3 ml. of 0.119 » 
ascorbic acid, adjusted with NaOH to pH 7.4; 1.3 ml. of 1.52 X 10“ 
cytochrome c; 1.0 ml. of 0.1 m phosphate buffer, pH 7.4; 0.1 ml. of homoge- 
nate and enough distilled water to make a total volume of 3.2 ml. (in dupli- 
cate). (2) is the same as (1), except for the absence of cytochrome ¢ (in 
duplicate). (3) is the same as (1), except for the addition of 0.3 ml. of 0.01 
M sodium azide. (4) is the same as (1), except for the absence of both 
cytochrome c and homogenate. 

Fig. 1 shows the activities of succinoxidase and cytochrome oxidase, in 
terms of oxygen consumption per embryo per hour, plotted against the age 
of theembryo. The portion of the curve for the first 6 days of development 
is enlarged in Fig. 2. In all graphs the age through the 4th day represents 
the average age of the embryos as determined morphologically. Under our 
conditions, this age was in most cases 23 hours less than the incubation time. 
All later ages indicated on the graphs were obtained by subtracting 1 day 
from the incubation time. (In only two batches of eggs were any incubated 
long enough to permit hatching. In both cases hatching occurred on the 
22nd day of incubation.) In estimating cytochrome oxidase activity, the 
oxygen uptakes have been corrected for ascorbate autoxidation by sub- 
tracting the values obtained in the absence of cytochrome c. 

Even the youngest embryos tested gave an appreciable oxygen uptake, 
almost 25 ¢.mm. per embryo per hour, for cytochrome oxidase. Albaum 
and Worley (5), using fewer embryos, with a different substrate and at 4 
lower temperature, were unable to show any enzyme activity until the 4th 
day of incubation. Moog (6), using indophenol blue production in em- 
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bryos treated with nadi reagent, reported a positive reaction in embryos 
from 16 through 96 hours. On the basis of the time elapsing before the 
appearance of a “standard colorization,” Moog concluded, “The enzyme 
appears to increase in quantity up to the middle of the second day of 
incubation, when it reaches a level that is maintained through the fourth 
day.” Our data indicate an increase of some 900 per cent between the 2nd 


and 4th days. 
The values obtained for cytochrome oxidase activity in the young em- 
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Fic. 1. The !development of the cytochrome oxidase (@) and the succinoxidase 
(O) systems in the chick embryo between 1 and 21 days of incubation. 


bryos (1 to 3 days) may be compared with data for the respiration of intact 
isolated embryos reported by Philips (10). In all cases the activity, in 
terms of c.mm. of O, per embryo per hour, is high enough to account for the 
total respiration of the intact embryo. Although we obtained oxygen up- 
takes for the succinoxidase system in all but the youngest embryos (25 
hours), the values were low and in no case sufficient to account for the total 
respiration of the embryo. 

To demonstrate the relationship of cytochrome oxidase and succinoxidase 
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activities during development, the ratio of the oxygen uptakes through the 
two systems was calculated. Fig. 3 shows this ratio plotted against the 
age of the embryo. The ratio is high to begin with and then drops to a 
level which remains fairly constant from about the 5th to the 21st day. 
Thus, in the chick embryo, both the time of appearance and rate of devel- 
opment of cytochrome oxidase activity and succinoxidase activity are differ- 
ent. Only after the 5th day does the ratio of these activities become con- 
stant. The low succinoxidase activity in the early embryos is to be 
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Fig. 2. The development of the cytochrome oxidase (@) and the succinoxidase 
(©) systems in the chick embryo between | and 6 days of incubation. 


explained by a low limiting concentration either of succinic dehydrogenase 
or another system which links the succinic dehydrogenase to the cytochrome 
oxidase system. (Stern (1) suggested that a protein which he separated 
from the cellular particles of heart muscle acted as a “coupling link between 
succinic dehydrogenase and the cytochrome-cytochrome oxidase system.” 
Ultracentrifugally purified particles were unable to catalyze the aerobic 
oxidation of succinate, though able to do so for either hydroquinone or 
p-phenylenediamine; in the presence of an H acceptor like methylene blue 
they did, however, catalyze the oxidation of succinate to fumarate.) 
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It appears that, before the 5th day, the chick embryo has not developed 
completely the enzyme complex attached to the cellular particles. Similar 
independence in the development of cytochrome oxidase and succinoxidase 
has been found in rat liver by Potter... The ratio of cytochrome oxidase to 
suecinoxidase 3 days before birth is 3.7, falls to about 1.5 near birth, and 
rises to about 6.0 some 8 days after birth. 

Azide Inhibition—The inhibition of cytochrome oxidase and succinoxi- 
dase activities by 0.001 m sodium azide was found to remain fairly constant 
between the 3rd and 21st days of development. But, despite the fact that 
cytochrome oxidase, for which azide is considered a specific inhibitor, is 
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Fic. 3. The relationship in the development of cytochrome oxidase to succin- 
oxidase activity in the chick embryo between 1 and 21 days of incubation. 


operating in both systems, there is a striking difference in level of inhibition 
of the two systems, 68 + 3.8 per cent? inhibition for cytochrome oxidase 
and 25 + 6.1 per cent? inhibition for succinoxidase. 

Commoner (11) observed that the per cent inhibition of yeast respiration 
by cyanide was smaller at lower substrate concentrations. If we consider 
that the reduced cytochrome c is the substrate for cytochrome oxidase, we 
may have a comparable situation here. In the cytochrome oxidase system, 
the excess ascorbate maintains the level of reduced cytochrome c, so that 
the per cent inhibition is high. But in the succinoxidase system, if the 


' Potter, V. R., private communication. 
*s.p. = +/Zd?/n. 
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succinic dehydrogenase is the limiting factor and is present in relatively low 
concentrations, the quantity of reduced cytochrome c available to the cyto- 
chrome oxidase would be lower than in the cytochrome oxidase system, 
There consequently would be a reduced per cent inhibition. 

The azide inhibition of cytochrome oxidase activity in embryos less than 
3 days old was found to be lower. In these young embryos the “autoxida- 
tion” of ascorbate represents a large fraction of the observed oxygen uptake. 
The precision of our manometric technique and the questionable validity 
of ascorbate “autoxidation” blanks in the presence and absence of azide do 
not warrant our considering these early low results to represent a trend. 


SUMMARY 


1. The cytochrome oxidase and succinoxidase activities of chick em- 
bryos, ranging in age from 25 hours to 21 days, were measured manometric- 
ally. 

2. Both the time of appearance and the rate of development of cyto- 
chrome oxidase activity and succinoxidase activity are different. The 
ratio of cytochrome oxidase activity to succinoxidase activity is high to 
begin with and then drops to a level which remains fairly constant from the 
5th to the 21st day of development. 

3. The azide inhibition of the two systems is fairly constant between the 
3rd and 21st days of development. The difference in level of inhibition 
(68 + 3.8 per cent for the cytochrome oxidase and 25 + 6.1 per cent for 
the succinoxidase) is interpreted in terms of a substrate effect. 
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THE OXIDATION OF HIGHER FATTY ACIDS IN HEART MUSCLE 
SUSPENSIONS* 


By ALBERT L. LEHNINGER 
(From the Departments of Surgery and Biochemistry, University of Chicago, Chicago) 


(Received for publication, May 29, 1946) 


It is now well known that the liver is capable of oxidizing higher fatty 
acids with the formation of the ketone bodies. Since the liver has only a 
limited ability to metabolize the ketones, these substances diffuse into the 
blood stream and are carried to the peripheral tissues, which are capable of 
the complete oxidation of the ketones to carbon dioxide and water. This 
two-stage mechanism of fatty acid oxidation may account for the metabo- 
lism of a considerable portion of the fatty acids undergoing oxidative deg- 
radation in the organism. Stadie, however, has emphasized in his recent 
review (1) that this two-stage mechanism cannot account quantitatively 
for the total fat undergoing oxidation in the fasting or diabetic animal. 
This fact has been well established by a number of investigators (quoted 
in Stadie’s review) and it implies that the liver is not the sole site of the 
direct oxidation of fatty acids. It would appear, then, that extrahepatic 
tissues are capable of the direct oxidation of fatty acids as well as the 
oxidation of the ketone bodies. However, this conclusion has not gained 
wide-spread acceptance because of a long standing controversy over the 
question of the direct oxidation of fatty acids by muscle (cf. Gemmill (2)). 

Recently the author described the experimental conditions necessary to 
demonstrate the oxidation of higher fatty acids by liver homogenates 
and washed suspensions of liver (3, 4). Fatty acid oxidation requires 
the presence of adenosine triphosphate (ATP), which may be added to the 
system as such or which may be generated in situ by oxidative phosphoryl- 
ation of adenylic acid during the simultaneous oxidation of fumarate. 
Fatty acid oxidation in the liver preparations may also be coupled speci- 
fieally to the oxidation of a-ketoglutarate to succinate (4). More recently 
the author has shown that fatty acid oxidation in washed liver prepara- 
tions results in the quantitative formation of acetoacetate (i.e. for each 
mole of octanoate undergoing oxidation 2 moles of acetoacetate are formed). 
It was also found that fragments formed from the fatty acid during oxida- 
tion can combine with oxalacetate to form citrate, thus implicating the 
Krebs tricarboxylic acid cycle in the over-all process of fatty acid oxida- 
tion (5,6). Although the details of these reaction mechanisms are not yet 

* This investigation was supported by a grant from the Albert and Mary Lasker 
Foundation, Inc., and the Sidney and Frances Brody Foundation. 
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known ip terms of specific enzymes and intermediates, the information at 
hand concerning the conditions of enzymatic fatty acid oxidation in liver 
preparations has presented the opportunity of surveying various extra- 
hepatic tissues for their ability to oxidize higher fatty acids. 

This report describes the results of a study of the oxidation of higher 
fatty acids by rat heart muscle suspensions. These preparations are ca- 
pable of the oxidation of fatty acids under conditions resembling those 
required to demonstrate this process in liver suspensions. Acetoacetate 
does not accumulate during fatty acid oxidation in heart muscle suspensions. 
However, acetoacetate is vigorously oxidized by these preparations. 
Both fatty acid and acetoacetate oxidation result in the accumulation of 
succinate when succinic dehydrogenase is inhibited by malonate. The 
accumulation of succinate is of such a magnitude that it suggests that the 
Krebs cycle is the major pathway of oxidation of fragments derived from 
both fatty acids and acetoacetate. 

Rat heart muscle therefore possesses the enzymatic equipment for the 
direct oxidation of fatty acids. 


EXPERIMENTAL 


The preparation or source of the various substrates or intermediates 
used has been listed in previous publications of the author (3, 4, 6). 

The rat heart suspensions were prepared as follows: Hearts were quickly 
removed from adult rats sacrificed by decapitation, chilled on cracked ice, 
and quickly minced with scissors. The tissue was then homogenized (7) 
in ice-cold buffer, the composition of which bas been described (4). For 
each heart, 3 ml. of buffer were used. The homogenizer pestle and tube 
were chilled in cracked ice before use. The homogenization was carried 
on for about 2 to 3 minutes in a rather loose fitting tube at high speed. 
The homogenate was filtered into a chilled test-tube through two layers 
of gauze, a considerable residue of stroma being left behind. The homog- 
enate was immediately pipetted into the previously prepared Warburg 
vessels. 

All components of the medium were present in the main compartment of 
the Warburg vessel before addition of homogenate. The vessels were 
equilibrated at low bath temperatures (25-28°) for 5 minutes and the taps 
were then closed. Oxygen consumption data were extrapolated back to 
the time of addition of the homogenate, allowing one-half maximum 
activity for the initial equilibration period. 

Acetoacetate, citrate, and the sum of a-ketoglutarate plus succinate 
were determined as described in a previous paper (6). Fatty acids or 
acetoacetate did not give rise to more than traces of succinate as a result of 
acid permanganate treatment in the latter determination. 
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The amounts of oxygen, substrates, etc., are expressed in terms of c.mm. 
of ideal gas, 22.4 c.mm. being equal to 1.0 micromole. 

Requirements for Demonstration of Fatty Acid Oxidation in Heart Muscle 
Homogenates—Fatty acid oxidation in liver preparations requires either 
(a) ATP; (b) the oxidative metabolism of intermediates of the Krebs 
tricarboxylic acid cycle in the presence of adenine nucleotide; or (c) the 
specific oxidative reaction 


(1) a-Ketoglutarate + 40, — succinate + CO, + H,O 


with or without added adenine nucleotide (4). Although (6) and (c) are 
known to cause oxidative phosphorylation of adenine nucleotides to ATP, 
there is an indication that the formation of ATP does not necessarily 
account for the activation of fatty acid oxidation by reaction (c) (4). 

The ability of heart muscle homogenate to cause extra oxygen uptake 
in the presence of octanoate was therefore measured under the three 
different conditions outlined above. The reaction media resembled those 
found adequate for the liver system. They contained magnesium sulfate, 
sodium malonate, phosphate buffer, and in some cases cytochrome c. 

In Table I are shown the results of these experiments. It can be seen 
that the addition of ATP alone failed to activate octanoate oxidation. 
Likewise, a-ketoglutarate plus ATP failed to yield extra oxygen uptake in 
the presence of fatty acid. However, when octanoate, laurate, or palmi- 
tate was added to a heart muscle suspension oxidizing fumarate in the 
presence of ATP a considerable extra oxygen uptake ensued. There was 
no oxygen uptake when the enzyme suspension was omitted from the 
reaction medium. Fumarate oxidation in the absence of ATP did not 
activate fatty acid oxidation. Myoadenylic acid could be substituted 
for ATP. Oxalacetate was not an effective substitute for fumarate. 
Therefore, fumarate oxidation in the presence of adenine nucleotide is a 
necessary factor in the demonstration of fatty acid oxidation in heart 
muscle homogenates. 

When malonate was omitted from the reaction medium, ATP alone gave 
an extra O, uptake in the presence of octanoate. Since malonate inhibits 
the endogenous respiration of the suspension greatly (60 to 80 per cent), it 
is probable that the positive effect noted with ATP alone in the absence 
of malonate is actually due to fumarate oxidation, the source of fumarate 
being metabolites present in the heart muscle suspension itself. That this 
explanation is probably correct is indicated by Experiment 4 in Table ITI. 
In that experiment succinate accumulated when the endogenous respira- 
tion was inhibited by malonate, which inhibits succinic dehydrogenase. 
Since succinate oxidation normally leads to fumarate, it is therefore 
probable that the positive effect given by ATP alone in the absence of 
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malonate was due to fumarate oxidation. The use of malonate to inhibit 
the considerable endogenous oxygen uptake of the suspension allowed a 
closer study of the factors affecting fatty acid oxidation. In addition, 


TaBLe [ 
Requirements for Fatty Acid Oxidation in Heart Muscle Homogenates 

The Warburg vessels contained 1.0 ml. of homogenate, 0.20 ml. of MgSO, (0.005 «),* 
0.20 ml. of sodium malonate (0.01 m), 0.20 ml. of sodium adenosine triphosphate 
(0.0011 st), 0.05 ml. of phosphate buffer, pH 7.4 (0.007 m), 0.05 ml. of cytochrome ¢ 
(1 X 10-5 m), 0.10 ml. of H,O or octanoate (0.001 m) or laurate (0.001 m) or palmitate 
(0.0005 m) and additions, as indicated below, of 0.20 ml. of H,O or a-ketoglutarate 
(0.002 st) or fumarate (0.005 m) or oxalacetate (0.005 mw). When components were 
omitted, H,O was substituted. Total volume 2.00 ml.; alkali in center well; tem- 
perature 25°; time 2 hours. 




















eee Substrate Additions O> uptake 

| c.mm 
1 | None | None 50 
| Octanoate | “ 46 
2 | None a-Ketoglutarate 100 
| Octanoate ss 105 
3 | None Fumarate | 330 
Octanoate 7 | 522 
| Laurate " 480 
| Palmitate | “ | 442 
4 None - (adenosine triphosphate omit- 112 

| ted) 
| Octanoate | Fumarate (adenosine triphosphate omit- | 96 

| ted) 
5 | None Fumarate (myoadenylic acid substituted | 375 
Octanoate | for adenosine triphosphate) 501 
6 | None Oxalacetate 211 
| Octanoate 1“ 247 
7 | None Fumarate (enzyme omitted) -1 
| Octanoate ” se 7 0 
8 | None None (malonate omitted) | 170 
| Octanoate | “ - “ 312 





* The figures in parentheses indicate the concentration of the component in the 
complete reaction medium. This notation is used in all tables in this paper. 


malonate served the purpose of causing succinate accumulation in those 
experiments in which this end was desired for analytical purposes. 
When the oxygen uptakes of the fumarate-supplemented system are 
plotted against time (see Fig. 1), it can be seen that there is very little 
extra oxygen uptake in the presence of octanoate for some 20 minutes 
after addition of the homogenate to the reaction medium. However, at 2 
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hours there is a considerable difference in the rates of oxygen uptake. The 
situation suggested that the rate of oxygen uptake by the heart muscle 
homogenate was limited by its active concentration of hydrogen (electron) 
transport factors (pyridine nucleotides, flavoproteins, cytochrome system, 
etc.) and that extra oxygen uptake in the presence of fatty acid therefore 
did not become evident until the rate of fumarate oxidation had declined. 
This suggestion was supported by the experiment summarized in Table 
II. In this experiment, fumarate concentration was varied from 0.001 
m to 0.01 m, with octanoate concentration constant at 0.001 m. Oxygen 
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Fic. 1. The rates of oxidation of fumarate and fumarate plus octanoate in heart 
muscle suspension. Experimental details as in Experiment 5, Table I. Curve A, 
oxidation of fumarate alone; Curve B, oxidation of fumarate plus octanoate. 


uptake was measured at intervals during 2 hours. In Table II are shown 
the oxygen uptakes under these varied conditions at 20 minutes and 2 
hours. It can be seen that when low concentrations of fumarate were 
used the rate of oxygen uptake in the presence of fumarate alone was 
relatively low and extra oxygen uptake in the presence of octanoate was 
quite evident at 20 minutes. In the presence of higher concentrations of 
fumarate, the rate of oxygen uptake was much greater and there was no 
extra oxygen uptake in the presence of octanoate at 20 minutes. After 
the rate*of fumarate oxidation declined extra oxygen uptake in the presence 
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of fatty acid appeared. Inspection of Table II reveals that there is an 
upper limit on the rate of oxygen uptake by the heart muscle homogenate 
for the first 20 minute period. When fumarate concentrations of 0.01 y 
and above were used in several preparations, no extra oxygen uptake ap- 
peared over the 2 hour incubation period. 

This factor, which may possibly be a matter of competition for hydrogen 
acceptors, is of itself perhaps not worthy of special note but assumed 
considerable practical importance in the experiments described here. For 
instance, when rat heart muscle suspensions were first examined for their 
ability to oxidize fatty acids, high concentrations of fumarate and short 
reaction periods were used. Under these conditions extra oxygen uptake in 


TaBLe II 
Effect of Fumarate Concentration on Extra Oxygen Uptake with Fatty Acid 


The Warburg vessels contained 1.0 ml. of homogenate, 0.20 ml. of MgSO, (0.005 
m), 0.20 ml. of malonate (0.01 m), 0.20 ml. of adenosine triphosphate (0.0012 1), 0.10 
ml. of cytochrome c (1 X 10-5 m) in phosphate buffer (0.005 m), 0.10 ml. of H,0 or 
octanoate (0.001 a), and 0.20 ml. of fumarate in concentrations listed below. Total 
volume 2.0 ml.; temperature 25°. 





























Oxygen uptake 
Experiment No. Octanoate Fumarate concentration | ._ apenas 
20 min. 120 min. 

M c.mm. ¢.mm. 

1 - 0.001 70 100 
+ 0.001 130 142 

2 - 0.002 108 176 
+ 0.002 160 261 

3 - 0.005 143 330 
+ 0.005 167 490 

4 ~ 0.010 162 | 523 
+ 0.010 162 568 








the presence of fatty acid did not appear and it was at first concluded that 
the suspensions were not able to oxidize fatty acids. This factor was also 
of practical importance in the experiments described in the following 
section in which it was desired to have the maximum extra oxygen uptake 
in the presence of fatty acid to allow a quantitative study of the reaction 
products. Although extra oxygen uptake in the presence of fatty acid 
was readily obtained in some degree in different preparations, it was 
usually relatively small compared to the oxygen uptake in the presence 
of fumarate alone. For this reason it was desirable to select for analysis 
and presentation in Table III only those experiments in which the extra 
oxygen uptake in the presence of fatty acid was equal to or at least of the 
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same order of magnitude as the uptake in the presence of fumarate alone 
to insure maximum significance in the analytical differences. 

Great difficulty was experienced in preparing solutions of fatty acids 
containing 16 to 18 carbon atoms which would yield reproducible rates of 
oxidation by these preparations. This difficulty has been noted in previ- 
ous work with the liver enzyme (3, 4) and again emphasizes one of the 
greatest problems in the study of fatty acid metabolism in vitro; namely, 
the production and maintenance of the proper colloidal conditions of the 
substrates and enzymes involved. The oxygen uptake of the heart muscle 
suspensions was greatly inhibited by high concentrations of fatty acids, 
resembling the liver system in this respect (4). 

Products of Fatty Acid Oxidation in Heart Muscle Homogenates—In the 
washed liver suspension studied previously the absence of endogenous 
metabolic events permitted a quantitative study of the products of fatty 
acid oxidation (6). In the absence of the 4-carbon dicarboxylic acids, 
octanoate was oxidized completely to acetoacetate, according to the 
equation 


(2) C;H,,COOH + 30: — 2CH;COCH:COOH + 2H,0 


The liver preparation was unable to oxidize acetoacetate. In the presence 
of oxalacetate or its precursors, less acetoacetate was formed from octano- 
ate but extra citrate, a-ketoglutarate, and succinate accumulated. The 
four products accounted for at least 90 per cent of the amount of fatty acid 
undergoing oxidation. These studies indicated that in the liver prepara- 
tion fatty acid oxidation proceeds either quantitatively to acetoacetate or 
in the presence of oxalacetate partly to acetoacetate and partly through 
the Krebs cycle, depending on the supply of oxalacetate. 

With this evidence on the liver system at hand, a study was made of the 
products of fatty acid oxidation in heart muscle homogenates. It is well 
known that most extrahepatic tissues utilize acetoacetate at a high rate 
and it was therefore expected that the heart muscle homogenates would 
show little or no acetoacetate accumulation during fatty acid oxidation 
(if acetoacetate actually is formed). Since the Krebs cycle has been 
implicated in acetoacetate oxidation in certain extrahepatic tissues (8) 
and in fatty acid oxidation in the liver (5, 6), it appeared logical to look 
for those intermediates of the Krebs cycle which are expected to accumu- 
late before the point of malonate inhibition (succinic dehydrogenase) 
during fatty acid oxidation in the heart muscle suspension. 

In Table III are shown analytical data on oxygen uptake and the forma- 
tion of acetoacetate, citrate, and a-ketoglutarate plus succinate in prepara- 
tions of heart muscle acting on fatty acids in the presence of malonate 
under a variety of experimental conditions. In the absence of fumarate 
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no extra accumulation of intermediates occurred with fatty acids. With 
simultaneous fumarate oxidation, however, fatty acids showed extra oxy- 
gen uptake, negligible accumulation of acetoacetate or citrate, but a con- 
siderable extra accumulation of a-ketoglutarate plus succinate. There 
was no formation of succinate when octanoate and fumarate were incubated 
with the malonate-inhibited suspension anaerobically. The oxidation of 
fumarate alone yielded succinate, as was expected, since heart musele js 
capable of catalyzing the reactions of the Krebs tricarboxylic acid cycle 


Taste III 
Products of Fatty Acid Oxidation in Heart Muscle Homogenates 


The Warburg vessels contained 3.0 ml. of homogenate, 0.60 ml. of MgSO, (0.005 
m), 0.60 ml. of malonate (0.01 m), 0.60 ml. of sodium adenosine triphosphate (0.0012 
m), 0.20 ml. of phosphate buffer (0.005 m), 0.20 ml. of cytochrome c (1 X 10-5 a), 0.40 
ml. of H,O or a-ketoglutarate (0.002 m) or fumarate (0.005 m), and 0.40 ml. of H,O 
or octanoate (0.001 m) or laurate (0.0008 m). Total volume 6.0 ml.; temperature 28°; 
time 90 minutes for Experiments 1, 2, and 3, 158 minutes for Experiment 4. 





| a-Keto- 























Experi- a-Keto-| po. | Aceto- | « glutarate 
= —— “ te F “rate saasienss fo ca formed am 
} formed 
c.mm. ¢.mm. c¢.mm. c.mm. 
1 None - -- 164 16 9 82 
Octanoate - - 152 14 4 80 
2 None + _ 262 17 7 260 
Octanoate oF ~ 292 21 6 279 
3 None - + 634 24 21 292 
Octanoate -- oo 1156 20 20 §12 
Laurate _ + 1202 24 16 540 
Octanoate (anaerobic)*| — + 31 
4 None _ = 260 128 
a - + 1160 2 «SO 496 
Octanoate _ + 1860 22. | 910 





* In this experiment the gas phase was nitrogen and the substrates were added 
from the side arm after equilibration. 





(9). When fatty acids were also present, the succinate accumulation was 
nearly double the values obtained with fumarate alone. This extra ac- 
cumulation of succinate in the presence of fatty acid indicates that frag- 
ments formed during the oxidation of iatty acid were converted into suc- 
cinate. In view of previous work of the author on the mechanism of citrate 
and succinate formation from fatty acids in malonate-inhibited liver sus- 
pensions (6), the formation of extra succinate from fatty acid in this situa- 
tion therefore may have resulted from condensation of a 2-carbon frag- 














ith 


‘On- 
ere 
ted 
1 of 
e is 
rele 


012 
0.40 
H:0 
28°: 


rate 


S 
= 
rn 


a > 


uc- 


a ees 











A. LEHNINGER 139 


ment arising from the fatty acid with a molecule of oxalacetate (derived 
from fumarate) to form tricarboxylic acid. The mechanism of formation 
of succinate from cis-aconitate, isocitrate, and citrate is of course well 
known (10, 11). The failure of citrate to accumulate is not surprising, 
since the preparation was capable of oxidizing both citrate and cis-aconi- 
tate at a high rate, as was determined by direct trial. The further oxida- 
tion of the succinate formed (which in these experiments was prevented 
by malonate) would regenerate a molecule of oxalacetate, which could 
then reengage in the cycle by condensation with another 2-carbon frag- 
ment arising during fatty acid oxidation. 

This interpretation of the mechanism is illustrated more strikingly by 
the following analysis of the data on Experiment 4, Table ITI. 

In Experiment 4, Table III, the amount of oxygen required to bring 
the reaction 


(3) 2 fumarate + 230, — succinate + 4CO, + HO 


to completion is 840 c.mm. The amount of succinate formed according to 
this equation (assuming that succinic dehydrogenase is completely in- 
hibited by the malonate present) is 336 c.mm. At 158 minutes (when the 
rate of oxygen uptake in the presence of fumarate had dropped to the rate 
in the flask without fumarate) the oxygen uptake in the presence of fuma- 
rate was 1160 c.mm. The endogenous uptake (without fumarate) was 260 
emm. The oxygen uptake for fumarate alone therefore was 1160 — 
260 = 900 c.mm., or reasonably close to that expected, 840 c.mm., for the 
complete oxidation according to equation (3). The succinate actually 
formed was 496 c.mm. The endogenous formation of succinate was 128 
emm. The succinate formed from added fumarate was therefore 496 — 
128 = 368 c.mm., agreeing closely with that expected (336 c.mm.) on the 
basis of equation (3). The analytical data are therefore in agreement with 
the conclusion that fumarate was oxidized to succinate completely in 
158 minutes, according to equation (3). 

Equation (3) may be explained by assuming that 2 moles of fumarate 
are oxidized to 2 of oxalacetate, 1 of which decomposes to form pyruvate. 
1 mole of pyruvate then reacts with 1 of oxalacetate to produce 1 mole of 
tricearboxylic acid and ultimately 1 mole of succinate. Now, if there 
should be another source of short chain fragments capable of reacting with 
oxalacetate to produce tricarboxylic acid, potentially 2 moles of succinate 
could be formed from 2 of fumarate instead of only 1. Therefore, any 
increase in yield of succinate in the presence of fatty acid indicates another 
source of reactive fragment, i.e. the fatty acid. In Experiment 4, 910 — 
496 or 414 c.mm. of extra succinate appeared, somewhat more than the 
336 c.mm. of extra succinate possible according to this interpretation. 
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It is probable that the endogenous respiration also furnished some oxalage. 
tate for extra succinate formation from fatty acid to account for this figure, 
In view of the considerations outlined, the extra succinate formed must 
have been derived from fatty acid. 

If each mole of extra succinate appeared by condensation of 1 mole of 
2-carbon fragment derived from fatty acid with 1 mole of oxalacetate, then 
414 c.mm. of 2-carbon fragments engaged in this process. This amount of 
2-carbon fragments is equivalent to 414/4 or 103 c.mm. of octanoate, 
At the beginning of the reaction 134.4 c.mm. of octanoate were present. 
The extra succinate formed therefore could account for the carbon of 
103/134 X 100 or 77 per cent of the fatty acid originally added. 

The oxidation of 134.4 c.mm. of octanoate (the amount originally present) 
to 4 moles of acetate (or some reactive fragment having the same oxidation 
level as acetate) requires 403 c.mm. of oxygen, according to the equation 


(4) C;H,,COOH + 30, + 4CH;COOH 


The conversion of this amount of acetate into succinate (assuming conden- 
sation with oxalacetate to cis-aconitate and oxidation of cis-aconitate to 
succinate) requires 538 c.mm. of oxygen. The total oxygen required to 
convert the octanoate originally present into succinate is therefore 403 + 
538 = 941 c.mm. of O,. Since the yield of succinate accounted for 77 per 
cent of the octanoate originally present, the extra oxygen taken up, ac- 
cording to this interpretation, would be expected to be 0.77 & 941 = 725 
e.mm. The extra oxygen uptake actually found was 1860 — 1160 = 70 
c.mm. It must be concluded that the fatty acid which underwent oxida- 
tion was quantitatively converted into succinate, both oxygen uptake and 
succinate accumulation data agreeing with this conclusion. 

It would be desirable to have analytical data on the disappearance of 
fatty acid in this experiment to complete a carbon balance sheet. The 
determination of octanoate by steam distillation and titration in the 
amounts used in these experiments (the equivalent of 0.60 ml. of 0.01N NaOH 
per Warburg vessel) has not been very successful in the author’s hands. 
For instance, when 10 micromoles of octanoate were added to a heart 
muscle suspension, followed by immediate acidification with phosphoric 
acid, the recovery of octanoic acid with constant volume distillation 
never exceeded 8.0 micromoles. This difficulty, combined with the need 
for relatively large aliquots of the reaction media for the succinate deter- 
minations, as well as the necessity for selecting for analysis only those 
experiments in which the extra oxygen uptake in the presence of octanoate 
was relatively great compared to that in the presence of fumarate alone 
(due to considerations already outlined), precluded a complete carbon 
balance experiment on the same enzyme suspension. However, in a single 
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large scale oxidation in which a suspension prepared from seven rat hearts 
was allowed to act on 24 micromoles of octanoate in an experiment re- 
sembling that under discussion above, some 60 per cent of the fatty acid 
disappeared. This figure was corrected for a negative analytical error 
of 20 per cent. 

Acetoacetate and Acetate Oxidation in Heart Muscle Suspensions—The 
data in Table III show that acetoacetate does not accumulate as a product 
of fatty acid oxidation in heart muscle suspensions. Previous work in- 
dicated that fatty acid was quantitatively oxidized to acetoacetate in 
washed liver suspensions. Intact liver has only a limited ability to oxidize 
acetoacetate; extrahepatic tissues such as the heart (12) can oxidize aceto- 
acetate at a high rate. It is possible therefore that acetoacetate was 


TaBLe IV 
Formation of a-Ketoglutarate Plus Succinate from Acetoacetate in Heart Muscle 
Homogenate 
The Warburg vessels contained 3.0 ml. of homogenate, 0.6 ml. of MgSO, (0.005 
m), 0.60 ml. of malonate (0.01 m), 0.60 ml. of sodium adenosine triphosphate 
(0.0009 1), 0.30 ml. of phosphate buffer, pH 7.4 (0.007 m), 0.30 ml. of cytochrome 
c (5 X 10-5), 0.20 ml. of fumarate (0.0025 m), and 0.40 ml. of H,O or sodium acetate 
(0.004 st) or sodium acetoacetate (0.002 m). Total volume 6.0 ml.; temperature 
25°; time 70 minutes. 

















: Formation of a-keto- 
Cha 
Substrate O: uptake Pp - — +2 oo ag 
c.mm. c.mm. c¢.mm. 
ES a. Fess wasaslewe ou 421 +4 192 
Cho. ote chcokenbeshe 502 +8 198 
Acetoacetate (269 c.mm.).... 883 —78 328 





the primary product of oxidation of octanoate in the experiments recorded 
in Table III, but that it was oxidized further (via the Krebs cycle) at a rate 
at least as great as its rate of formation from octanoate. The rate of aceto- 
acetate oxidation by the heart muscle preparation was therefore deter- 
mined. Since acetate (or some labile, reactive metabolite to which it may 
be converted enzymatically) has been implicated in acetoacetate metabo- 
lism recently (8, 13, 14) the rate of oxidation of acetate was also measured. 
Fumarate was added in all experiments. Oxygen consumption, aceto- 
acetate formation or destruction, and succinate formation were measured. 
All conditions were comparable to those of Table ITI, with the exception that 
the incubation period was shorter and the fumarate concentration lower. 

It can be seen from the typical data in Table IV that acetoacetate gives 
& considerable extra oxygen uptake. At the same time there were a dis- 
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appearance of acetoacetate and formation of extra succinate in such 
amounts as to account nearly quantitatively for the acetoacetate which 
disappeared. 

Acetate formed only traces of acetoacetate and succinate. Acetate was 
therefore probably not an intermediate in the oxidation of acetoacetate. 

It is evident from consideration of these data that acetoacetate could 
conceivably have been a primary product of fatty acid oxidation in the 
experiments of Table III, since the rate of oxidation and the rate of succinate 
formation appear to be of the same magnitude as the rate required by the 
kinetics of fatty acid oxidation. Under these conditions no acetoacetate 
would be expected to accumulate if it were an intermediate in fatty acid 
oxidation. 


DISCUSSION 


The evidence presented in this paper shows that an extrahepatic tissue, 
rat heart muscle, possesses the enzymatic equipment not only for the oxida- 
tion of acetoacetate but also for the direct oxidation of fatty acids. This 
evidence does not, of course, indicate under what conditions fatty acids 
are oxidized by heart muscle in vivo. 

The fatty acid oxidation by heart muscle resembles that in liver sus- 
pensions in that it requires adenine nucleotide and causes succinate accumu- 
lation in the presence of malonate, when fumarate is oxidized simultane- 
ously. There are several points of difference. In the liver suspension, 
ATP causes fatty acid oxidation by itself, leading to acetoacetate forma- 
tion. This does not appear to occur in the heart muscle preparation. 
The oxidation of a-ketoglutarate to succinate is capable of causing the 
oxidation of fatty acids in liver, but is incapable of activating fatty acid 
oxidation in the heart muscle suspension. 

The requirement of fumarate in activating fatty acid oxidation in the 
heart muscle suspensions appears to be specific; in several experiments 
oxalacetate did not produce the same effect. Previous work (4, 6) on the 
liver enzyme system has indicated two separate factors in the need for 
fumarate: (a) the generation of high energy phosphate bonds (but not 
necessarily those of ATP) during fumarate oxidation which are capable of 
“activating” the fatty acid oxidation and (b) the formation of oxalacetate 
for condensation with a fragment released from the fatty acid after oxida- 
tion to form tricarboxylie acid. 

There is as yet not enough information at hand to speculate further on 
the nature of the activation of fatty acid oxidation, on the details of the 
oxidation mechanism, and on the mechanism of the integration with the 
Krebs tricarboxylic acid cycle. Indeed, although the over-all mechanism 
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of the Krebs cycle appears well established, little is known concerning the 
reaction by which tricarboxylic acid is formed; 7.e., the over-all reaction 


(5) Pyruvate + 4-C dicarboxylic acid — tricarboxylic acid 


As Krebs has pointed out in his recent review (15), it is possible that 
pyruvate is first oxidized to a 2-carbon fragment, which then might react 
with oxalacetate to form a 6-carbon tricarboxylic acid directly. The 
possible participation of phosphorylated intermediates in the condensation 
reaction cannot be overlooked. Since this condensation reaction appears 
to be the connecting link between fatty acid or acetoacetate oxidation and 
the Krebs cycle in view of recent work by several groups of investigators, 
study of this reaction should be particularly fruitful in the future. 

Krebs and Eggleston have taken exception to the possible réle of the 
tricarboxylic acid cycle in acetoacetate metabolism (16, 17). They point 
out that the effect of oxalacetate in accelerating acetoacetate disappearance 
and in the formation of extra citrate noted by Breusch (12) and Wieland 
and Rosenthal (18) can be explained by postulating the occurrence of a 
series of known oxidation reductions which lead to the reduction of acetoace- 
tate to 6-hydroxybutyrate (accounting for acetoacetate disappearance) 
and the formation of extra citrate by reactions consequent to the reduction 
of acetoacetate. By following the variation in concentration of some 
fifteen intermediates concerned in these dismutations after incubation of 
oxalacetate and acetoacetate anaerobically with sheep heart muscle sus- 
pensions, they have concluded that all of the acetoacetate which disappeared 
could be recovered as 8-hydroxybutyrate and that the extra citrate which 
appeared was not derived from the acetoacetate molecule. However, 
Buchanan et al. (8) have decisively proved that acetoacetate enters into the 
formation of members of the tricarboxylic acid cycle under aerobic con- 
ditions, since isotope (C") of labeled acetoacetate was incorporated into 
a-ketoglutarate, succinate, and fumarate in kidney homogenates aerobi- 
cally in such amounts as to demonstrate a major pathway for the oxidative 
degradation of acetoacetate (and acetate). The author has also presented 
data on citrate formation from fatty acids in liver suspensions (6) which 
cannot be explained on the basis which Krebs and Eggleston have proposed, 
since in this situation acetoacetate does not disappear in the presence of 
oxalacetate and no extra citrate is formed. A precursor of acetoacetate 
appears to be involved in citrate formation in this case. 

There are indications that the work of Krebs and Eggleston is not neces- 
sarily inconsistent with the findings of Buchanan et al. Krebs and Eggles- 
ton point out that malonate inhibits acetoacetate removal very strongly 
under aerobic conditions, whereas it has no effect anaerobically. It is 
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probable that the anaerobic experiments of Krebs and Eggleston do not 
deal with the same system which caused the effects noted by Buchanan 
et al. The forthcoming report by Krebs and Eggleston on the aerobje 
metabolism of acetoacetate will therefore be awaited with great interest. 

Several other extrahepatic tissues of the rat have been examined for theiy 
ability to oxidize higher fatty acids under conditions resembling those out. 
lined in this paper. Kidney and skeletal muscle preparations have also 
given indications of ability to oxidize fatty acids, although it was found that 
the conditions of homogenization were very critical in obtaining active 
preparations. In view of such difficulties and the factors already outlined 
in this paper, it does not appear profitable at this time to extend work on the 
extrahepatic tissues until some of the individual enzymes and intermediates 
concerned in fatty acid oxidation have been identified, for which purpose 
the liver system appears best adapted. It is evident that the reactions 
described are complex and highly organized, and for this reason it is not yet 
possible to assay different tissues for their ability to oxidize fatty acids on 
a& quantitative basis. 


SUMMARY 


Rat heart muscle suspensions are capable of the oxidation of higher satu- 
rated fatty acids, a reaction which requires the presence of adenine nucleo- 
tide and simultaneous fumarate oxidation. Extra succinic acid accumulates 
as the end-product of fatty acid oxidation in these preparations when suc- 
cinic dehydrogenase is inhibited by malonate. Analytical data show that 
the extra succinate which accumulates accounts quantitatively for the fatty 
acid oxidized if it is assumed that 2-carbon fragments from the fatty acid 
combine with oxalacetate to form tricarboxylic acid and ultimately succi- 
nate. Citrate and acetoacetate do not accumulate during the oxidation of 
the fatty acid. Acetoacetate, however, is readily oxidized by the prepara- 
tion with the formation of extra succinate. Acetate forms neither acetoace- 
tate nor succinate. 

The results strongly suggest that both fatty acid oxidation and aceto- 
acetate oxidation proceed through the Krebs tricarboxylic acid cyele in 
heart muscle suspensions. 


The author wishes to acknowledge the technical assistance of Mrs. D. E. 
Smith in this investigation. 
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STUDIES IN CARBOHYDRATE METABOLISM 


VII. THE DISTRIBUTION OF DEUTERIUM IN A SAMPLE OF DEUTERIO 
GLUCOSE EXCRETED BY A DIABETIC RABBIT* 
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(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, June 6, 1946) 


When glucose or glycogen is isolated from the body of an animal whose 
body fluids have been enriched with D,O, deuterium is invariably found 
stably bound in the product isolated. As any isotope which may have been 
present in the hydroxyl hydrogen of such a sample will have been washed 
out and lost in the process of isolation, the deuterium with which we are 
here concerned may be assumed to be bound to carbon, and the introduc- 
tion of such carbon-bound deuterium is apparently the result of synthetic 
processes in the animal. Our reasons for rejecting the possibility of the 
biological introduction of deuterium into the carbon-bound positions of 
glucose consequent to labilization and exchange of these hydrogens have 
been stated in an earlier communication (1). 

In such a sample of deuterio glucose, isolated from an animal whose body 
fluids contained D,O, it was considered .of interest to investigate the in- 
timate distribution of the deuterium among the hydrogen atoms bound 
to carbon in glucose. In a similar study, the distribution of isotopic car- 
bon among the 6 carbon atoms of glucose synthesized from various isotopic 
precursors has been investigated by Lorber, Lifson, and Wood (2). The 
methods employed by these authors, a combination of chemical and bac- 
teriological degradations, were well suited to their problem, but are ob- 
viously completely unsuited for a study of the location of deuterium atoms 
in glucose. 

In order to estimate the isotopic composition of the hydrogen attached 
to each of the carbon atoms of glucose, it is necessary to prepare a series 
of derivatives such that one or more of the hydrogen atoms in question is 
eliminated. The starting material, in the present instance, was a pooled 
urinary glucose sample, excreted over a period of 48 hours by a rabbit 
rendered diabetic with alloxan (3). During this period, the rabbit was 
consuming ad libitum a diet containing 62 per cent of carbohydrate and its 
body fluids contained 1.05 to 1.09 atom per cent excess of D. The urinary 
glucose was isolated as the pentaacetate, and this product contained 

* This work was carried out with the aid of grants from the Josiah Macy, Jr., 
Foundation and the Nutrition Foundation, Inc. 
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0.159 atom per cent D, from which the average D concentration in the 7 
stable hydrogen atoms of glucose was calculated as 0.159 X 22/7 = 0.509 
atom per cent D. From this material have been prepared potassium 
gluconate and gluco-benzimidazole, in which the hydrogen atom bound to 
carbon atom 1 (position I; ¢f. Fig. 1) is eliminated; glucosazone, eliminating 
the hydrogen at position II; potassium acid saccharate and silver sae- 
charate, which have lost the hydrogen atoms from position VI as well as 
that from position I. A portion of the glucose pentaacetate was converted 
into 2,3,4,6-tetramethylglucose, and from the products of nitric acid oxida- 
tion of this compound xylotrimethoxyglutaric and d-dimethoxysuccinic 
acids were isolated as amides. The configuration of these two derivatives 
(ef. Fig. 1) requires that the former arose by the loss of carbon atom 6, the 
latter by loss of carbon atoms 5 and 6 (4). Of the 7 hydrogen atoms initi- 
ally bound to carbon in the glucose, trimethoxyglutaramide would stil] 
retain those at positions II, III, and IV, whereas dimethoxysuccinamide 


a .2. oe 7 me) ,0 Fe) 
D-C‘NNHD — C-OK C-NHe = C-NHe 
D-C Dea Dé: OH  C=NNHD D-C-OH D-COMe D--OMe 
AcO-C-D O HOC-D HO-C-D = HOC-D MeO-C-D = MeO-C-D 
D-COAc] D-C-OH D-C-OH D-C-OH D-COMe CNH, 


D-C D-C-OH D-C-OH DCOH ~ C-NHe fe) 
D-C-OAe D-COH De OH GOH O 
D D O 


. Fria. 1. Structures of the more important derivatives 


would retain only those from positions II and III of the glucose. Each 
of these products has been obtained in an analytically pure condition and 
has been analyzed for deuterium. The results are given in Table I. 
Inquiry into the nature of the distribution of deuterium in the present 
sample of glucose may be pursued from these analytical results in several 
ways. In the first place, the assumption may be made that the concen- 
tration of isotope in each of the 7 carbon-bound hydrogen atoms is identical, 
and on the basis of this assumption and the deuterium concentration in the 
glucose pentaacetate, one can predict the isotope concentrations in each of 
the other derivatives. Such predictions have been made (column (¢), 
Table I) and may be compared with the actual analytical values in 
column (d). 

A second method of approach i is the simple calculation from the several 
analyses of the actual average concentrations of deuterium in those hy- 
drogen atoms of each derivative that were present as carbon-bound hydro- 
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gen in the original glucose (column (e), Table I). It is clear that if the 
isotope Were uniformly distributed among the 7 carbon-bound hydrogen 
atoms of the original glucose, this calculation would be expected to give 
the same answer in each case. 

Finally, on the basis of the analytical values, it is possible to calculate 
the concentrations of isotope at each of the individual positions. As the 
yalues obtained in the succeeding calculations represent, in each case, 
relatively small differences between large numbers, analytical errors will 


TaBLeE I 
Concentration of Deuterium in Products Obtained from Deuterio Glucose 
The concentration of deuterium found in each of the derivatives has been com- 
pared with the value predicted on the assumption of uniform distribution of isotope 
among the carbon-bound hydrogens. The average D concentration among the sur- 
viving glucose H atoms in each derivative has also been calculated. 


























ait | | Average 
| Calcu- | analysis, | concens 

| | No. of H lated D "| tration 

Total | atoms | Positions of glucose concen- in 

Compound No. of ay from which H has | SORCEM- | tration | stable H 

un been eliminated tration in atoms 

atom$ | to C of in pe a es 
| glucose — tives maining 
glucose 

(a) (6) (c)* (d) (e)t 

of atom alom alom 
per cent | per cent | per cent 

Glucose pentaacetate 7 0.159 | 0.500 
Potassium gluconate 11 6 I 0.273 | 0.261 | 0.479 
Gluco-benzimidazole 16 6 I 0.188 | 0.190 | 0.507 
Glucosazone 22 6 II 0.136 | 0.135 | 0.495 
Potassium acid saccharate bv, one I, VI, VI 0.222 0.250 | 0.563 
Silver saccharate =. 4 I, VI, VI 0.250 | 0.287 | 0.574 
Trimethoxyglutaramide | 16 3 I, V, VI, VI | 0.094 | 0.094 | 0.500 
Dimethoxysuccinamide | 12 | 2 I, IV, V, VI, VI | 0.083 | 0.081 | 0.486 





* Calculated on the assumption of the uniform distribution of D among the 7 
stable hydrogens of glucose, c = 0.500 b/a. 
te = ad/b. 


necessarily become magnified and the values can therefore not be expected 
to be very precise. The deuterium concentrations, computed for each 
position, are as follows: 


Position I, by comparing the pentaacetate with the benzimidazole 
7 X 0.500 = 6 x 0.507 + D; 
D,; = 0.46 atom per cent 
Position II, by comparing the pentaacetate with the osazone 
7 X 0.500 = 6 X 0.495 + Du 
Dy = 0.53 atom per cent 
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Position III, by comparing dimethoxysuccinamide with Dy 
2 X 0.486 = 0.53 + Diy 
Dm = 0.44 atom per cent 
Position IV, by comparing trimethoxyglutaramide with dimethoxysuccinamide 
3 X 0.500 = 2 X 0.486 + Dry 
Dyy = 0.53 atom per cent 
Position V, by comparing potassium acid saccharate wtih trimethoxyglutaramide 
4 X 0.563 = 3 x 0.500 + Dy 
Dy = 0.75 atom per cent 
Position VI, by comparing the benzimidazole with the saccharate 
6 X 0.507 = 4 X 0.563 + 2Dy; 
Dy; = 0.40 atom per cent 


A complete formulation of this deuterio glucose sample is given in Fig. 
2. All of these calculations are predicated upon the assumption that no 
isotope was lost by labilization and exchange in the course of the preparation 
of the several derivatives. This belief finds support in the fact that the 
average of the concentrations of isotope in the 7 carbon-bound hydrogen 
atoms, as calculated from the individual values, 


0.46 + 0.53 + 0.44 + 0.53 + 0.75 + 2 X 0.40 
7 





= 0.50 atom % 


is in agreement with the value of 0.500 based on the original analysi® 
of glucose pentaacetate. 

From this it appears that there is isotope present among the hydrogen 
atoms that are bound to each of the 6 carbon atoms of the glucose sample 
under investigation. Furthermore, it is apparent that the concentrations 
of D in each of these positions are of the same order of magnitude. The 
value which deviates most from the average is that at position V. This 
deviation results from the finding of a higher concentration of isotope in 
potassium acid saccharate than was predicted on the assumption of uni- 
form distribution (Table I) and is, we believe, somewhat greater than would 
be anticipated on the basis of experimental error. Two separate prepa- 
rations of potassium acid saccharate gave analytical values for D that were 
in perfect agreement, and the analysis of silver saccharate also confirms 
this finding. However, in view of the fact that this study was limited to 
a single preparation of deuterio glucose isolated from the urine of a single 
animal, this finding is not at present susceptible of interpretation. 

The finding that D,, is not significantly higher than the average D con- 
centration of the carbon-bound hydrogens of this sample of glucose mili- 
tates against the hypothesis that rapid, reversible enolization of glucose 
occurs in the animal. Such a reaction, if it did occur, would necessarily 
result in the introduction of isotope at position IT, and the concentration 
of deuterium at this position would soon approach that of the aqueous en- 
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vironment which, in the present instance, was above 1 per cent. Because 
they failed to find any stably bound D in the reaction products when glucose 
underwent mutarotation or transformation to fructose in a medium of 
D.0, Fredenhagen and Bonhoeffer eliminated the enediol of glucose as an 
obligatory intermediate in either of these reactions in vitro (5). The 
present evidence would seem to eliminate reversible enediol formation as a 
major process in glucose metabolism. 

The most plausible explanation for the appearance of deuterium in a 
sample of glucose excreted in the urine of an animal whose body fluids con- 
tain an excess of D.O is that a portion of this glucose has been synthesized 
from fragments such that each hydrogen atom in the glucose ultimately 
formed either arose from or was at some time in equilibrium with the body 
fluid. In earlier studies (3, 6) we have estimated the proportion of urinary 





Deuterium cone. % of body water 
I 0.46 D-C cand 43 
1 0.53 — D-C-OH 50 
TM 044 HO-C-DO 4! 
V 0.53 D-C-OH 50 
V 075 D-c— 70 
W 0.40 { #5 37 
D 


Fig. 2. The intimate isotopic constitution of the present sample of glucose. The 
concentration of D at each stable position is given both as the actual value, in atom 
per cent excess, and as the per cent of D present in the body water of the rabbit. 


glucose synthesized in vivo on the assumption that the urinary glucose is 
composed of two fractions, the first derived from the diet and devoid of 
stably bound deuterium, the second synthesized by the animal and con- 
taining, in its carbon-bound hydrogen, isotope derived from the body 
fluid. The present findings that deuterium is present in the hydrogen at- 
tached to each carbon atom of the glucose in question and that the con- 
centration of isotope is of the same magnitude at each position are in accord 
with the foregoing assumption. It may therefore be concluded that in the 
present experiment, in which the concentration of D in the body water was 
1,05 to 1.09 atom per cent and the average concentration of D among the 
stable hydrogen atoms of glucose was 0.50 atom per cent, about one-half 
of the glucose excreted was synthesized in vivo, the remainder presumably 
arising from the diet. If the synthesized glucose and dietary glucose are 
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pictured as undergoing perfect mixing in the animal and if the urinary 
glucose is taken as a true sample of this mixture, it follows that the quantity 
of glucose synthesized in this rabbit per day was roughly equal to the 
quantity ingested. 


EXPERIMENTAL 


The glucose which served as the starting material in the present jn- 
vestigation was excreted over a period of 48 hours in the urine of a 2 kilo 
female rabbit which had been rendered diabetic with alloxan (3). During 
this period the rabbit consumed daily from 150 to 200 gm. of a diet con- 
taining 62 per cent of carbohydrate, and on the 2 days of the experiment 
excreted 52.2 and 54.0 gm. of glucose. The body fluids, initially enriched 
with D.O by intravenous injection and maintained by replacement of the 
drinking water by an appropriate concentration of D.O, contained 1.05 
and 1.09 atom per cent excess D on the 2 experimental days. The glucose 
from each day’s urine was isolated as the pentaacetate, the sample from the 
Ist day containing 0.144, that from the 2nd day 0.166 atom per cent D. 
These samples were combined and once recrystallized from ethanol-water 
and the 106 gm. of nearly colorless crystals were employed in the prepa- 
ration of the following products. 

Glucose Pentaacetate—For analysis, a sample of the above crude penta- 
acetate was twice recrystallized from water and dried over P2Os at 100° 
in vacuo. 


Calculated. C 49.2, H 5.6 
Found.! * 49.2, 5.5, D 0.159 atom % excess 


Potassium Gluconate—4.34 gm. of glucose pentaacetate were treated 
with I; in methanolic KOH (7) and of the 2.12 gm. of crude potassium 
gluconate obtained 1.12 gm. were recrystallized from aqueous methanol. 
The product, dried in vacuo over P20; at 61°, weighed 0.873 gm. 


Calculated. C 30.8, H 4.7 
Found. ** 30.9, “© 4.9, D 0.261 atom % excess 


Gluco-benzimidazole—The remaining gm. of potassium gluconate was 
condensed with o-phenylenediamine (7) and the resultant benzimidazole 
recrystallized from water. It was dried over P20; in vacuo at 100° and 
weighed 0.467 gm. 


Calculated. C 53.7, H 6.0 
Found. ** 53.6, “© 6.0, D 0.190 atom % excess 





1 Elementary microanalyses reported in this paper were performed by Mr. William 
Saschek. 
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Phenylglucosazone—2.5 gm. of recrystallized glucose pentaacetate were 
refluxed for 3 hours with 40 ce. of 0.3 N H:SO,. 20 gm. of crystalline 
sodium acetate, 4.2 of phenylhydrazine hydrochloride, and 1.7 cc. of a 
saturated aqueous solution of NaHSO; were then added and the mixture 
heated for 3 hours on the steam bath. After prolonged cooling, the pre- 
cipitate was filtered off and recrystallized from pyridine-benzene. The 
product was dried in vacuo successively over H2SO, at room temperature 
and over PO; at 61° and weighed 1.377 gm. 


Calculated. C 60.3, H 6.2 
Found. ** 60.5, “* 6.0, D 0.135 atom % excess 


2,3,4,6-Tetramethylglucose—30 gm. of glucose pentaacetate were re- 
fluxed for 3 hours with 400 cc. of 0.3 Nn H:SO,. The solution was cooled 
and brought almost to neutrality by the addition of NaOH solution and 
was then concentrated in vacuo to a volume of 25 cc. Methylation was 
carried out in this solution according to the procedure of West and Holden 
(8) with the single alteration that the quantities of both dimethyl sulfate 
and NaOH were increased by a factor of 33 per cent. The product was 
recrystallized by mixing with anhydrous CaSQ,, and continuously ex- 
tracting the resultant powder in a Soxhlet apparatus with petroleum ether 
to which had been added 0.5 per cent of ether. 4.7 gm. of white crystals 
were obtained. 

d-Dimethorysuccinamide—4 gm. of the above tetramethylglucose were 
oxidized with HNO; (sp. gr., 1.42), according to the procedure employed by 
Hirst (4). After esterification with methyl alcohol, the products of 
oxidation were distilled at a pressure of 2 mm. and the middle fraction, 2.5 
gm. of a pale yellow oil, distilling between 135-140°, were treated with 
dry NH; in methanol. The crystals which separated on refrigeration were 
collected and a second crop was obtained, after isolation of the xylo- 
trimethoxyglutaramide (see below) by concentration of the mother liquor 
and resaturation with NH;. d-Dimethoxysuccinamide was recrystallized 
from hot water and dried at 61° in vacuo over P:O;. The product weighed 
255 mg. and melted with decomposition at 270-280°. 


Calculated. C 40.9, H 6.8 
Found. * 41.4, 6.8, D 0.081 atom % excess 


Xylotrimethoxyglutaramide—After the mother liquor of the first pre- 
cipitation of the foregoing dimethoxysuccinamide had been concentrated 
under reduced pressure and set in the refrigerator, this compound pre- 
cipitated. It was recrystallized from a hot 1:1 mixture of ethanol and 
ether and dried over P.O in vacuo at 61°; the product weighed 361 mg. 
and melted at 195°. 
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Calculated. C 43.6, H 7.3 
Found. “ 43.5,“* 7.0, D 0.094 atom % excess 


Potassium Acid Saccharate—4.4 gm. of potassium gluconate, prepared 
from 10 gm. of the pentaacetylglucose, were added with cooling to 12 ce, 
of concentrated HNO; (sp. gr. 1.4) (9). Reaction was initiated by addition 
of 10 drops of fuming HNO, and the mixture allowed to stand for 2 days 
at room temperature. The mixture was made slightly alkaline with 
K;COs;, then acidified with acetic acid, and refrigerated for several days, 
The resulting precipitate was recrystallized twice from a small volume of 
hot water. The 0.596 gm. obtained was dried at 61° in vacuo over P,(,. 


Calculated. C 29.0, H 3.6 
Found. ** 29.2, ** 3.7, D 0.250 atom % excess 


Starting with another batch of glucose pentaacetate, we made a second 
preparation of potassium acid saccharate by the same method. 


Found. D 0.250 atom % excess 


Silver Saccharate—1.66 gm. of potassium acid saccharate were converted 
to silver saccharate by the method of Gans and Tollens (10) and the 0.712 
gm. obtained was dried at room temperature in vacuo over HeSQ,. 


Calculated. C 17.0, H 1.9, Ag 50.9 
Found. ** 16.8, “ 2.0, “ 50.9, D 0.290 atom % excess 


A second sample of silver saccharate was made by the same method. 
Found. D 0.284 atom % excess 


SUMMARY 


A sample of deuterio glucose excreted by a diabetic rabbit whose body 
fluids were enriched with D,O has been studied in order to ascertain the con- 
centration of deuterium among the carbon-bound hydrogen atoms at each 
position. Deuterium has been demonstrated to be present at each position, 
and its concentration at each of the several positions has been found to be 
of the same order of magnitude. The only significant deviation from the 
average value was at position V, where a somewhat higher concentration 
of D was found than at the other positions. The results rule out reversible 
enolization of glucose as a major metabolic pathway and support the view 
that the concentration of D in a sample of urinary glucose, excreted by an 
animal receiving D,O, is a measure of the amount of glucose synthesized. 
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STUDIES IN CARBOHYDRATE METABOLISM 


VIII. THE ORIGIN OF THE STABLE HYDROGEN IN GLYCOGEN 
FORMED FROM VARIOUS PRECURSORS* 


By DeWITT STETTEN, Jr., anv BABETTE V. KLEIN 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, June 6, 1946) 


If in the course of a synthetic operation in the animal, hydrogen 
originating in the body water enters into stable organic linkage, the process 
is susceptible of study by observation of the amount of deuterium in- 
troduced when the fluids of the animal’s body are enriched with D,O. 
This technique has been employed to investigate the rate of synthesis of 
fatty acids and cholesterol (1), and more recently we have employed this 
procedure to study the rate of glycogen formation in the experimental ani- 
mal (2). 

In the course of this study it was early apparent that in the interpretation 
of the quantity of deuterium present in a given sample of glycogen it was 
necessary to consider not only the rate of its formation but also the nature 
of the precursors from which it arose. Thus it has been reported 
that, under our experimental conditions, the glycogen arising in the liver 
of previously fasted rats after feeding of lactic acid was considerably richer 
in deuterium than the sample obtained when glucose was fed (3). We have 
also reported that the glycogen that is deposited both in muscle and in 
liver when galactose rather than glucose comprises the bulk of the diet is 
not appreciably richer in deuterium than when our stock glucose diet was 
fed (4). The simplest explanation of these effects is that the more directly 
the dietary test substance is used for glycogenesis, the less opportunity 
there will be for the introduction of deuterium from the body fluids. If, 
on the other hand, before glycogen can be formed and deposited, the dietary 
precursor must pass through stages at which double bonds must be hydrated 
or hydrogenated, or at which carbon-bound hydrogens become exchange- 
able by enolization or other reaction, opportunity for the introduction of 
deuterium from the body fluid will arise, and glycogen rich in deuterium 
will result. 

In order to gain some information as to the stages in glycogenesis at 
which deuterium is introduced from the D.O of the body water, we have 
carried out a series of comparable experiments in which rats have been first 

* This work was carried out with the aid of grants from the Josiah Macy, Jr., 
Foundation and the Nutrition Foundation, Inc. 
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fasted for 24 hours, then given an injection of D,O, followed, after an hour, 
by the administration by stomach tube of one of several known precursors 
of glycogen. After 3 hours the animals were killed, glycogen was isolated 
from the livers, and its deuterium concentration compared with that of the 
body water. 

When glucose was the test substance fed (3), the glycogen isolated from 
the liver was found to contain 38 per cent as much deuterium as the body 
water (Table I). Since, after 24 hours of fasting, the rat liver is practically 
devoid of glycogen, it is fair to assume that almost : ll of the glycogen found 
in the liver at the termination of such an experiment was formed after the 


TaBLe I 
Deuterium Concentration in Liver Glycogen 


Six adult female rats in each group were fasted for 24 hours and then given D,O 
subcutaneously. 1 hour later the test substance indicated was fed by stomach tube 
in the dosage indicated in the text. 3 hours thereafter the rats were killed, glycogen 
isolated from their livers, and its deuterium concentration compared with that of the 
body water. Weights of samples are expressed as per cent of liver. ; 





Liver glycogen 





Substance fed Body water _— 








Weight D D 
= i per cent atom per cent joe 

Glucose* 1.29 0.8 0.49 38 
Fructose... 1.31 0.9 0.570 44 
Mannose. 1.35 0.1 0.471 35 
a es da ckeuna 1.27 0.7 0.425 33 
dl-Glyceraldehyde 1.28 0.6 0.552 43 
dl-Glyceric acid 1.31 0.7 0.568 43 
Dihydroxyacetone.... 1.33 0.3 0.747 56 
di-Lactic acid*.............. 1 


} 


.28 0. 0.73 57 





* Boxer and Stetten (3). 


test substance had been administered and was minimally diluted by pre- 
existing glycogen. Its isotope content should therefore closely approach 
that of the glycogen formed during the test period. 

It has been shown experimentally that 34 per cent of all of the hydrogen 
in glycogen is immediately and completely exchangeable with the hydrogen 
of water (2), this fraction corresponding roughly to the hydroxyl hydrogen. 
Any deuterium which may have been present in these exchangeable 
positions of glycogen during the life of the animal must have been lost 
during the isolation and purification of the glycogen. We therefore con- 
cluded that, of the hydrogens in glycogen, that portion over and above the 
sum of the 38 per cent arising from the body water and the 34 per cent that 











en Gh ew fh 2 £65 25 


—, 


ans 2 





ors 
ted 
the 


om 
dy 
lly 
ind 
the 


3,0 
ube 
gen 
the 


of 


ey 


yen 
zen 
en. 
ble 
lost 
on- 
the 
hat 








D. STETTEN, JR., AND B. V. KLEIN 159 


was lost byexchange during isolation must have come from hydrogen atoms 
stably attached to the glucose fed, and persevering in their attachment 
through all the steps of glycogenesis. 

Confirmation of this conclusion was not possible at that time because 
stably labeled deuterio glucose was not available. We have now obtained 
a limited amount of deuterio glucose, isolating it from the urine of diabetic 
rabbits whose body fluids were enriched with D.O (5). The isotope in such 
samples of glucose is approximately uniformly distributed among the seven 
stable positions (6). The present sample of glucose contained 0.242 atom 
per cent D, and, as this was all present in carbon-bound positions, the aver- 
age isotope concentration in these positions may be calculated as 0.242 X 
12/7 = 0.415 atom per cent D. We have fed this material to previously 
fasted rats in an experiment completely parallel with the earlier glucose 
feeding, except that in the present instance no D,O was injected. The gly- 
cogen isolated from the livers of these rats 3 hours later contained 0.129 
atom per cent D, showing that 0.129/0.415 X 100 = 31 per cent of the 
hydrogen in the glycogen formed under these conditions arose from the 
stably bound hydrogen of the glucose that had been fed. 

Three fractions of hydrogen in glycogen must therefore be considered. 
Some 34 per cent is exchangeable, and any deuterium initially present in 
these positions will be lost during isolation. About 38 per cent of the 
hydrogen in liver glycogen has been shown to arise from the body water, 
when glucose serves as precursor, and the deuterium upon which this con- 
clusion is based may be assumed to be approximately uniformly distributed 
among the non-exchangeable positions (6). 31 per cent of the hydrogen in 
glycogen formed in the liver of the fasted rat when glucose is fed has now 
been shown to come directly from the carbon-bound hydrogen of glucose. 
The sum of these three fractions, each determined independently, comes to 
103 per cent, which we regard as a satisfactory check. 

The non-exchangeable hydrogen of glycogen is thus composed of two 
complementary quantities, that portion which arises from the body water 
and that portion which arises from stable hydrogen of the precursor. These 
two quantities may be evaluated by complementary experimental pro- 
cedures; namely, by labeling the hydrogen of the water with D by the in- 
jection of D.O, or by labeling the hydrogen of the precursor by its prepara- 
tion in such a fashion as to introduce stably bound D. As essentially the 
same information is obtained by both procedures, and as the first procedure 
is in general simpler to carry out, this has been the technique employed in 
the remaining experiments to be described. 

The alkali-catalyzed transformation of glucose to fructose has been shown 
to proceed in vitro in a medium of D,O without any stably bound D appear- 
ing in the product (7). This experiment was interpreted as excluding the 
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enediol as a necessary intermediate in this type of transformation. It is of 
interest that in the present series, when the rat makes liver glycogen from 
fructose or mannose, it does so without introduction of appreciably more 
deuterium from the fluid environment than occurred when glucose served 
as precursor (Table I). From this we conclude that transformation of frue- 
tose or mannose to the glucose configuration in the animal is not accom- 
panied by labilization of much of the carbon-bound hydrogen. While it is 
not possible to rule out the enediol of glucose as an intermediate from the 
figures here presented, we have other evidence which makes it appear that 
enolization of glucose is not a prominent reaction in the animal body (6). 

Whereas it is easy to visualize the transformation of fructose or mannose 
into glucose, the conversion of galactose to glucose would appear necessarily 
to be a more complex process. Evidence has previously been presented to 
show that when galactose serves as a precursor for glycogen in an animal 
receiving D,O, the glycogen formed contains no more deuterium than when 
glucose is fed (4). This observation is confirmed by the present finding, in 
which, after galactose was fed to previously fasted rats, the liver glycogen 
contained 33 per cent as high a concentration of D as did the body water. 
Whatever the steps in the transformation of galactose to the glucose con- 
figuration, they are not associated with extensive labilization of carbon- 
bound hydrogen atoms. 

When this characteristic of the conversion of galactose to glycogen was 
first detected, several possible pathways were considered. The possibility 
of an intermediate cyclohexitol, such as /-inositol suggested by Fischer (8), 
has been considered, and indeed the occurrence of the biological conversion 
of meso-inositol to glucose has been demonstrated (9). From this particular 
isomer, however, glucogenesis seems to proceed quite slowly. 

A more plausible pathway is the cleavage of galactose to two triose frag- 
ments and their immediate recondensation to give glucose. The formation 
of hexose in vitro by the aldolization of two triose fragments has been shown 
to proceed in D,O without the appearance of stably bound deuterium in the 
product (10). Something of the same sort seems to occur in animals 
when glyceraldehyde serves as the precursor of glycogen. The glycogen 
deposited in the liver under these circumstances is not much richer in Dthan 
when glucose was fed. Both glyceraldehyde and glyceric acid are, during 
their incorporation into glycogen, capable of retaining many of their car- 
bon-bound hydrogen atoms. 

It is noteworthy that dihydroxyacetone behaved quite differently. 
When glycogen was formed from this substance, its isotope concentration 
was practically identical with that which was formed from lactic acid. 56 
per cent of all of the hydrogen in the glycogen formed when dihydroxyace- 
tone was fed arose from the body fluids, as compared with 57 per cent for 
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the analogous figure when lactic acid served as precursor. When to either 
of these values is added the 34 per cent of known exchangeable hydrogen, 
it is apparent that at most a very small fraction of the stable hydrogen in 
the glycogen could have arisen from the test substance. During glycogene- 
sis from either of these precursors, practically every hydrogen atom must 
either have arisen from or been at some stage exchangeable with the hy- 
drogen of the fluid environment. 

This difference in behavior between glyceraldehyde and dihydroxy- 
acetone is surprising in view of the supposed interconvertibility of the 
phosphoric acid esters of these two compounds in the animal (11). It 
should be pointed out that, whereas the triose phosphates are commonly 
postulated intermediates in carbohydrate metabolism, the free trioses, 
which were the substances administered in the present experiment, are not 
generally so considered. Any hypothesis offered to explain the present dif- 
ference between glyceraldehyde and dihydroxyacetone should take into 
account the previously mentioned uniformity of distribution of deuterium 
among the stable positions of glucose when glucogenesis occurs in an animal 
on a normal diet receiving D,O (6). The present finding suggests that, 
regardless of the biological interconvertibility of the triose phosphates, glyc- 
eraldehyde is not, under our experimental conditions, rapidly converted 
into dihydroxyacctone. 'Toaccount for the more or less complete introduc- 
tion of isotope into the glycogen arising from dihydroxyacetone, two 
possible explanations are offered. Either this compound undergoes enoliza- 
tion, and consequent labilization of all of its hydrogen atoms, more readily 
than glyceraldehyde, or the pathway from dihydroxyacetone to glycogen is 
more indirect than that from glyceraldehyde to glycogen. 


EXPERIMENTAL 


Deuterio glucose was obtained from a sample of deuterio glucose penta- 
acetate which had been isolated from the urine of a diabetic rabbit receiving 
D,O (5). Asample of pentaacetate containing 0.132 atom per cent D was 
boiled under reflux in 0.5 N HCI for 3 hours; the product was taken to dry- 
ness under reduced pressure and repeatedly evaporated from water to re- 
move volatile acids. The residue, after treatment with norit, was dissolved 
in sufficient water to bring the glucose concentration, determined analy- 
tically, to 15 per cent. The calculated concentration of deuterium in the 
glucose was 0.242 atom per cent. 

Three female rats, averaging 184 gm. in weight, were fasted for 25 hours 
and then given deuterio glucose by stomach tube, 200 mg. per 100 gm. of 
body weight. 3 hours later they were killed and glycogen was isolated 
from their livers. The body fluids of these animals contained 0.017 atom 
per cent D. 
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Of the other test substances used, galactose, fructose, and mannose were 
the commercially available c.p. preparations. A sample of dl-glyceralde- 
hyde was generously contributed by Professor H. O. L. Fischer, to whom the 
authors are deeply indebted. dl-Glycerie acid was prepared by the HNO, 
oxidation of glycerol, according to Kiliani (12), and was isolated as its Ca 
salt. It was administered as an equimolar mixture of glyceric acid and Na 
glycerate, prepared by treatment of Caglycerate with appropriate quantities 
of oxalic acid and Na oxalate. The precipitated Ca oxalate was removed 
by centrifugation, and the volume of the clear supernatant adjusted to give 
a suitable concentration of solute. Dihydroxyacetone was purchased from 
the Pfanstiehl Chemical Company. 

In each of the experiments given in Table I, six female rats, averaging 
130 to 150 gm. each, were first fasted for 24 hours. Each rat then received 
an injection of 99.5 per cent DO containing 0.9 per cent NaCl, 1 ce. per 
100 gm. of body weight. 1 hour later the test substance was administered 
by stomach tube. The hexoses and glyceric acid were given in the dosage 
of 200 mg. per 100 gm. of body weight, glyceraldehyde and dihydroxyace- 
tone, 300 mg. per 100 gm. of body weight. Incident to the tube feeding, 
one rat of the dihydroxyacetone group died and had to be discarded. 

The isolations of glycogen from liver were conducted by the same methods 
as have been previously described (2). 


SUMMARY 


When glycogen is formed from administered glucose in the liver of a rat, 
a portion of its carbon-bound hydrogen arises from the stable hydrogen of 
the glucose fed, the remaining complement coming from the body water. 

When fructose, mannose, galactose, glyceraldehyde, or glyceric acid serves 
as dietary precursor, the complement of hydrogen in glycogen arising from 
the body water is not significantly increased. 

During glycogenesis from dihydroxyacetone, as from lactic acid, essen- 
tially all of the hydrogen in glycogen arises from the body water. 
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DIETARY PROTEIN AND PROTOPORPHYRIN FORMATION 
IN THE RAT* 


By JAMES M. ORTEN ann JUDITH MACKEY KELLER 


(From the Department of Physiological Chemistry, Wayne University College 
of Medicine, Detroit) 


(Received for publication, June 17, 1946) 


The wide-spread occurrence of the porphyrins as constituents of many 
important respiratory catalysts, such as hemoglobin, the cytochromes, and 
catalase, attaches fundamental importance to the problem of the origin and 
metabolism of these substances in the organism. Progress in this field 
has been retarded by a lack of satisfactory methods of quantitative analy- 
sis. However, in 1943, Grinstein and Watson (1) published a colorimetric 
method for the determination in erythrocytes of protoporphyrin, an alleged 
intermediate in the formation of heme. The introduction of this method 
appeared to offer an opportunity for a quantitative study of protopor- 
phyrin in other body tissues and in the excreta. 

Earlier work by other investigators has demonstrated that protoporphy- 
rin is the predominant porphyrin appearing in the feces of the rat and that 
only a trace is eliminated in the urine (2, 3), even after the parenteral 
administration of protoporphyrin (3). Little is present in other body 
fluids or tissues with the exception of the Harderian glands (4), the in- 
testinal contents (4), erythrocytes, especially reticulocytes (1), and in the 
white matter of the central nervous system (5). The fecal protoporphyrin 
appears to be that formed in excess of the requirement for hemoglobin 
synthesis and excreted in the feces perhaps by way of the Harderian glands 
in the rat, since the removal of these structures results in a marked decrease 
in fecal protoporphyrin to practically nil (4). Some protoporphyrin may 
be synthesized by the bacteria of the intestinal flora, although the amount 
from this source appears to be extremely small (4, 6) unless there is hemor- 
rhage into the intestine (7). 

In view of the above evidence, the assumption that protoporphyrin 
synthesis in the rat could be ascertained from fecal protoporphyrin ex- 
cretion appears justified. The present study was designed, therefore, to 
determine whether dietary protein serves as a precursor of protoporphyrin 

* Aided by a grant from the Committee on Therapeutic Research, Council on Phar- 
macy and Chemistry, American Medical Association. The data in this paper were 
taken from a dissertation presented by Judith Mackey Keller in partial fulfilment of 
the requirements for the degree of Master of Science in Wayne University, 1945. Pre- 


sented at the meeting of the American Institute of Nutrition at Atlantic City, March, 
1946, 
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in the rat, as is indicated by the studies of Schoenheimer and his coworkers 
(8), by means of certain amino acids containing isotopic nitrogen, and, if 
so, the proportion of the protein intake allotted to porphyrin synthesis 
in vivo. Fecal protoporphyrin excretion was followed quantitatively in 
groups of rats fed adequate or low protein diets. 


EXPERIMENTAL 


Male rats of the Connecticut Agricultural Experiment Station strain 
weighing 40 to 50 gm. at weaning were used. They were divided litter. 
wise into two groups and were housed in individual wide mesh screen 
bottom cages. One group (twelve rats) received an ‘“‘adequate protein” 
diet having the following percentage composition: casein! 22.5; sucrose 
10; white corn dextrin 36.5; hydrogenated cottonseed oil 27; Wesson’s 
salt mixture 4. The other group (twelve rats) was given a low protein 
diet having the same composition with the following exceptions: casein 
3.5; white corn dextrin 55.5. All animals were given the following vitamin 
supplements: 200 mg. of ryzamin-B * and 200 mg. of liver extract? daily; 
3 drops of halibut liver oil with viosterol twice weekly. 

The animals of both groups were weighed and the food consumption was 
carefully measured weekly. Each day the feces were collected quanti- 
tatively on absorbent paper. A 16 week period of observation was used 
and duplicate protoporphyrin determinations were made biweekly on the 
feces of each animal. 

The following procedure was used for protoporphyrin analysis: The 
daily feces collection was weighed to 0.01 gm. and was placed immediately 
in 95 per cent ethyl alcohol and stored in a refrigerator. Pooled weekly 
samples for each rat were then homogenized in 95 per cent ethyl alcohol in 
a Waring blendor, dried at room temperature, and ground to a fine powder 
which passed through a 60 mesh sieve. This powder was then dried in 
vacuo at 60°, and duplicate 0.500 gm. aliquots were taken for proto- 
porphyrin determination by a slight modification of the Grinstein and 
Watson (1) method. The final colored solution was read in a photoelectric 
colorimeter with a 410 mz filter. In addition, readings were made witha 
special 554 my filter, a wave-length at which protoporphyrin has a char- 
acteristic absorption maximum.‘ The values obtained at both wave- 
lengths agreed closely. A calibration curve was constructed with erys- 

1 No. 453, Casein Manufacturing Company, New York. 

2 No. 2, Burroughs Wellcome and Company, Tuckahoe, New York. Appreciation 
is expressed to Mr. D. M. Cypher for supplying this material. 

3 Liver extract “‘B,’’ from The Wilson Laboratories, Chicago. Appreciation is ex- 


pressed to Dr. David Klein for furnishing a generous supply of this extract. 
‘Dr. R. H. McCoy, University of Pittsburgh; personal communication. 
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talline protoporphyrin dimethyl ester.’ Satisfactory recoveries (average 
96.9 per cent) of 30 to 45 y samples of protoporphyrin added to dried feces 
were obtained. 

Analyses of the two diets (10 gm. samples) employed and of daily 
portions of the vitamin supplements used demonstrated that the proto- 
porphyrin content of each was only a questionable trace, and hence of no 
practical significance. 

Hemoglobin determinations were made by a photoelectric acid hematin 
method at regular intervals. 


TABLE I 
Fecal Protoporphyrin of Control Rats and of Rats Fed Diet Low in Protein* 





| Fecal protoporphyrin 
Protein 
fet Wks. | 





Dried feces Per rat Body weight Protein ingested 


¥ per 0.5 gm. ¥ per day 7 per 100 gm. y per gm. 

Adequate 4 42 (29- 62) 110 (62-154) 59 (31-93) 62 (32- 75) 
6 53 (31-— 98) 146 (67-224) 56 (24-91) 55 (23- 90) 
8 68 (50-102) 182 (136-262) 53 (38-75) 76 (59-129) 
10 73 (33-113) | 202 (107-295) 52 (32-81) 78 (38-115) 
12 89 (52-104) | 232 (165-344) 54 (39-68) 91 (63-118) 
14° 97 (62-122) | 241 (179-367) 52 (36-70) 103 (62-149) 
16 86 (52-107) | 212 (122-305) 43 (28-55) 92 (53-116) 








2 29 (26- 35) 19 (16- 22) 41 (35-44) 127 (93-164) 
4 31 (16- 40) 17 = (7- 22) 38 (18-48) 143 (86-217) 
6 37 (31- 46) 15 (8 19) 30 (19-38) 153 (72-193) 
8 28 (11- 55) 13 (5 24) 31 (12-58) 121 (43-232) 
10 23 «(2+ 46) 13 (1- 37) 28 (3-67) 123 (11-256) 
12 16 (13- 19) 8 (6 11) 17 (12-22) 93 (76-120) 
14 13 (6- 19) 7 (2 12) 14 (7-21) 71 (1-111) 
16 12 (11- 14) 6 (@ 6) 13 (13-13) 94 (92- 95) 




















* The values given are group averages with the minimum and maximum for in- 
dividual rats in parentheses. 


Resulis 


The averaged results for the two groups of rats, together with the range 
of individual values for fecal protoporphyrin excretion at biweekly in- 
tervals, are given in Table I. It is evident that the controls fed the ade- 
quate protein diet excreted considerably more protoporphyrin per 0.5 
gm. sample, per day, and per 100 gm. of body weight per day than did the 

‘Sincere appreciation is expressed to Dr. C. J. Watson, University of Minnesota 


School of Medicine, to Dr. W. J. Turner, Veterans Administration, and Captain John 
Mason, Army Medical School, for generous samples of protoporphyrin. 
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rats fed the low protein ration. The difference was evident within 4 
weeks after the experiment began and became more pronounced as the 
study progressed. The rather constant protoporphyrin excretion per 100 
gm. of body weight per day observed in the control animals is of interest, as 
likewise is the steady decrease in this value seen in the low protein rats, 
This decrease paralleled the development of the chronic anemia usually 
observed in protein-deficient rats (9), the average value at the end of the 
16 week period being 10.7 gm. of hemoglobin per 100 cc. of blood, as com- 
pared with 16.8 gm. per 100 cc. for the controls. 

The values obtained for fecal protoporphyrin excretion when calculated 
on the basis of micrograms per gm. of dietary protein consumed show a 
rather striking contrast between the two groups of rats. The averaged 
results show clearly that in the first part of the experiment the low protein 
rats showed a much greater utilization of dietary protein for protoporphy- 
rin formation than did the adequate protein controls. This difference 
became less pronounced as the experiment progressed, however, perhaps 
for two reasons. First, there was a general failure in hemopoiesis in the 
low protein rats, as evidenced by the development of an anemia. Second 
there was a decreased rate of growth in the control animals, and hence per- 
haps more protein became available to the organism for porphyrin for- 
mation. The data thus suggest that protoporphyrin .synthesis, like 
hemoglobin synthesis (10, 11), has a “high priority call’ on available 
protein in the organism and that porphyrin formation takes precedence 
over the formation of general body tissue protein when the intake of protein 


is limited. 


DISCUSSION 


The foregoing results indicate that if fecal protoporphyrin excretion isa 
measure of porphyrin synthesis in the organism, as appears to be demon- 
strated by the existing evidence, dietary protein serves as the ultimate 
precursor of the porphyrins in vivo. This conclusion is in accord withthe 
observations of Schoenheimer and his coworkers (8) previously mentioned. 

The question of the identity of the amino acid or acids which serve as 
precursors for the porphyrin nucleus is one of fundamental and practical 
importance. Years ago Fischer and others (see (12)) suggested that such 
substances as proline or tryptophane might serve this purpose. In this con- 
nection it is pertinent to note that Shemin and Rittenberg (13) have now 
demonstrated, using the isotopic nitrogen technique, that glycine is in- 
volved in hemin formation, thus in protoporphyrin formation in man. 
Under the same experimental conditions, no direct utilization of either 
proline, glutamic acid, leucine, or ammonium citrate for porphyrin syt- 
thesis could be demonstrated. _It is also of interest that acetic acid may be 
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used in the in vivo synthesis of porphyrin, as indicated by the use of isotopic 
carbon as a tracer (14). Evidently an adequate supply of this important 
chemical nucleus is thus assured to the organism by synthesis from simple 
plentiful units. Such a general concept of the importance attached to 
porphyrin synthesis in the organism is further supported by the data ob- 
tained in the present study, demonstrating that protoporphyrin formation, 
like hemoglobin formation, ranks high in the preferential allotment of 
protein for anabolic purposes tn vivo. 


SUMMARY 


The effect of a diet low in protein (3.5 per cent casein) on fecal pro- 
toporphyrin excretion in the rat was followed for a 16 week period. 

Porphyrin excretion of the low protein animals was consistently much 
less than that of control rats when calculated either as micrograms of 
protoporphyrin per 0.50 gm. of sample, per rat per day, or per 100 gm. of 
body weight per day, but was significantly greater when expressed as 
micrograms per gm. of dietary protein ingested. 

Protoporphyrin excretion of the low protein rats decreased progressively 
during the period of observation, while the usual chronic anemia de- 
veloped. 

If fecal protoporphyrin excretion is an index of porphyrin synthesis 
in vivo, as the available evidence indicates, these data demonstrate that 
dietary protein serves as a precursor of the porphyrin nucleus in the rat 
and that porphyrin formation, like hemoglobin formation, has a high 
“priority rating” for available protein in the organism. 
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COLORIMETRIC DETERMINATION OF CANAVANINE 


By REGINALD M. ARCHIBALD 
(From the Hospital of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, May 21, 1946) 


Kitagawa and his colleagues (1-3) reported the isolation of canavanine 
from jack bean and demonstrated (4, 5) that its structure was H.N-C- 
(.NH)-NH-O-CH:-CH:-CHNH:-COOH. They observed (3, 4) that 
a solution of sodium nitroprusside that had first been exposed to sunlight 
reacted with canavanine, specifically, to form a ruby-colored solution. 
On this finding has been based the development of a simple quantitative 
method (referred to in an earlier publication (6)) for determining canava- 
nine or, more strictly, compounds having the guanidino grouping 

NH 
VA 
NH;—C—NH—0O—R 


The nature of the reaction involved in the formation of color with cana- 
vanine is not known at present. However, conditions for the preparation 
of the reagent and for the development of color have been standardized so 
that the reaction can be used for the quantitative determination of can- 


avanine. 
Method 

Reagents— 

1.0 m phosphate buffer, pH 7.2, is prepared by mixing 0.2% mole (34.5 
gm.) of NaH:PO,-H2O with 0.75 mole (130.6 gm.) of K2,HPO, and ad- 
justing the volume to 1 liter. 

Sodium nitroprusside, 2 per cent solution. This is prepared fresh 
every week and is stored in the dark at 04°. 

Superozxol (30 per cent H2O:). 

Potassium carbonate, 20 per cent solution. 

Stock solution of canavanine. 2.5 mg. of canavanine! per cc. This is 
conveniently stored frozen on solid COs. 


' The canavanine used in this investigation was obtained from Squibb’s double 
strength urease as a by-product during the preparation of canavanine-free urease 
(6). Squibb’s double strength urease, prepared from jack bean by acetone precipita- 
tion according to the method of Van Slyke and Cullen (7), contains from 6.0 to 8.0 
percent of canavanine. This is easily separated from urease by dialysis. After con- 
centration of the dialysate under reduced pressure the canavanine is precipitated as 
the flavianate (8, 9) and recrystallized. Addition of excess barium hydroxide results 
in precipitation of barium flavianate and liberation of the canavanine. Excess 
barium is removed with CO,. Residual flavianic acid is removed from the filtrate with 
charcoal. 
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Standard solution of canavanine. 1 cc. of stock solution is diluted to 
10 cc. with water. 

Preparation of aquoprusside reagent. 0.5 cc. of the 20 per cent carbonate 
solution and 0.4 cc. of superoxol are mixed with 10 cc. of the 2 per cent 
sodium nitroprusside solution. After the mixture has stood for 30 minutes, 
at room temperature (20-25°), it is ready for use. It should be prepared 
fresh daily. Use of larger amounts of peroxide decreases the color obtained 
with canavanine. 


Procedure 


To 1 cc. of each neutral unknown containing 0 to 0.25 mg. of canavanine 
are added 0.5 ec. of 1.0 m phosphate buffer, pH 7.2, and 0.5 ce. of the 
aquoprusside reagent. Standards, containing 0.2, 0.5, 0.8, and 1.0 ee. 
of dilute canavanine stock solution, made up to 1.0 cc. with water, and a 
reagent blank (1 cc. of water), are treated similarly with phosphate and 
aquoprusside. The solution in each tube is mixed thoroughly. The tubes 
are set in a dark closet. A red color develops when canavanine is present. 
After 2 hours, the color is read in either a visual or photoelectric colorim- 
eter. When a spectrophotometer is used, the instrument is adjusted to 
a wave-length setting of \= 520 my and the blank is set at zero optical 
density. The authors have used a Coleman Junior spectrophotometer 
with small cylindrical cuvettes (matched test-tubes 10 mm. in internal 
diameter). The color development took place in the cuvettes, and the 
total volume of 2 cc. was adequate. If the colorimeter or cuvettes avail- 
able require-volumes larger than 2 cc., as much as 10 cc. of water may be 
added to the unknown, standards, and blank after the 2 hour period of color 
development. 


Calculation 


The optical density of each standard is plotted against the corresponding 
amount of canavanine. The amount of canavanine in each cc. of unknown 
is read from the curve so obtained. 


Results 


The optical density curves of the colored canavanine derivative and of the 
reagent blank (both read against water) are indicated in Fig. 1. For 
comparison, the curve given when thiourea replaces canavanine is in- 
cluded. 

The extent to which Beer’s law is followed is indicated in Fig. 2. Results 
indicated in Figs. 1 and 2 were obtained with a Coleman Junior spectro- 
photometer. 
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Fic. 1. Optical density curves of the products obtained with canavanine and thiou- 
rea, as well as the aquoprusside reagent blank, read against water. Weights refer to 
the amount of substance in 2 cc. of colored solution. The procedure was conducted 
as outlined in the method. The readings were taken after 2 hours standing at room 
temperature. 
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Fic. 2. Curve showing the relation of optical density of the product to the amount 
of canavanine in 2 ce. of solution. The procedure was conducted as outlined in the 
method. The readings were taken at a wave-length of 520 my against the reagent 
blank. 
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For convenience of reference and comparison of results, a constant for the 
cylindrical cuvettes used is given. These cuvettes give the same reading 
as do the 1 cm. deep (square cross-section) cuvettes regularly used in 
Beckman quartz spectrophotometer. A 0.0125 m solution of CuS0,. 
5H,0 in 2 N NH,OH read at a wave-length of 620 my against 2 n NH,OH 
had an optical density of 0.73. According to Drabkin and Austin (10) 
the extinction coefficient of 0.0125 m copper ammonium sulfate under these 
conditions is 58. 


Discussion of Method 


The colored product is relatively stable. On standing in the dark an 
extra 6 hours at room temperature, the optical density at 520 my of a 
standard containing 0.20 mg. of canavanine decreased less than 2 per cent. 
It had faded 5 per cent after 16 hours. Under similar conditions the color 
produced with thiourea faded 5 per cent in 2 hours, 20 per cent in 6 hours, 
and 58 per cent in 16 hours. 


Specificity 

Although sodium nitroprusside has been used often as a color reagent for 
the detection of a considerable variety of substances ((11), see p. 184; 
(12), see p. 397), the only compounds which give an appreciable red color 
at the pH of 7.2 employed in this procedure are derivatives of hydroxy- 
guanidine. Canavanine is the first and probably the only derivative yet 
known to occur naturally. Synthetic derivatives have been studied by 
Borek and Clarke (13). Although thio compounds, such as thiourea, 
thiouracil,? and sulfide, react to give a blue color, the appearance and 
absorption curves are so different from those given by canavanine that 
interference is unlikely. The color given by thiouracil develops rapidly, 
then fades, and little remains after 2 hours standing. 

The following substances gave no appreciable color with the aquoprusside 
reagent at pH 7.2: acetone, acetoacetate, arginine, glycocyamine, creatine, 
creatinine, guanidine, (NH,4)2SO,. Glutathione and cysteine yield very 
slight color (gray-purple) with the aquoprusside reagent but the color fades 
almost completely in 30 minutes. 


Notes on Preparation of Aquoprusside Reagent 


Treatment of a weakly alkaline solution of nitroprusside with hydrogen 
peroxide is the simplest means of preparing the aquoprusside compound 
responsible for the color development in the presence of canavanine. 

* There is an obvious similarity of the nitroprusside reagent used here for canava- 
nine and Grote’s reagent (14) which is currently employed for measurement of thiou- 
racil (15). 
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Reagents prepared in this manner have had not only the lowest blanks but 
also have been the most active. However, it appears desirable to record 
observations made during the course of the investigation on the nature of 
the compound responsible for the color development in the presence of 
canavanine. 

Active reagents have been prepared by exposing 2 per cent solutions of 
sodium nitroprusside to various kinds of light. Solutions placed in an open 
white porcelain evaporating dish and exposed to sunlight, or, better still, 
3 inches from a fluorescent desk light, reach maximum activity in 2 to 4 
hours. By use of a quartz mercury vapor lamp, a reagent of satisfactory 
strength can be obtained by 15 minutes irradiation. As had been observed 
with sunlight by Qureshi (16), Baudisch (17), and Lal (18), Prussian blue is 
formed during the prolonged irradiation of nitroprusside solutions. We 
have noted that this formation of colloidal Prussian blue is accompanied by 
a drop in pH from an initial value of 7.0 to 5.5. If this fall is prevented by 
addition of phosphate buffer of pH 7.2, the formation of Prussian blue is 
markedly inhibited without decreasing appreciably the production of the 
desired aquoprusside. Formation of Prussian blue can be decreased still 
further if one uses, instead of strong sources of visible light, the light from 
a cold quartz mercury vapor tube or from other “cold” mercury vapor 
lamps such as those employed commercially for sterilization of air. Light, 
from any source, which has been filtered through Pyrex glass is relatively 
inactive in producing the desired aquoprusside reagent. 

The presence of Prussian blue increases the reagent blank. However, 
the colloidal sol can be broken readily by shaking 100 cc. of the solution 
with 1 ec. of alumina gel. Centrifugation yields a brown, active super- 
natant. No Prussian blue is formed when the aquoprusside is prepared 
with H,0>. 

In connection with the effect of light on nitroprusside solutions, the 
observations of Baudisch are pertinent (17). He reported that neutral 
or feebly acid solutions of potassium ferrocyanide, exposed to sunlight or 
to the light from a carbon arc in the absence of O2, yielded ferrous ions and 
aquopentacyanoferrite ions.* In the presence of air and light, the yellow 
ferrite compound is oxidized to the violet ferrate compound. This in turn 
is said to react with ferrous ions to form a complex compound having a pale 
yellow color. Baudisch notes that peroxide compounds having unusual 
oxidizing power are formed during irradiation in the presence of air. Jus- 
tin-Mueller (20) claims that sodium nitroprusside (Na,Fe(CN);NO) when 
exposed to air and sunlight yields HCN, NaNO:, and Na,Fe:(CN).. This 
last compound, in the presence of NaOH, yields Prussian blue. Lal (18), 


*This oxidized form is known also as sodium pentacyanoaquoferriate (19) or 
sodium aquopentaferricyanide or sodium cyanoaquoprussate. 
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however, reports that, on exposure to sunlight, a solution of sodium pj. 
troprusside yields sodium aquopentacyanoferrate* (Na2Fe(CN);H;0) and 
part of this is later converted to Prussian blue. Addition of ferrocyanide 
reduces the ferrate compound to aquopentacyanoferrite (Na;Fe(CN), 
H,0). Hofmann (21) has reported that aquopentacyanoferrite is formed 
when alkaline nitroprusside reacts with H:O2. However, H:O:2 can oxidize 
this ferrite compound and the corresponding ferrate compound (18), 

We have observed that neither freshly prepared solutions of sodium 
nitroprusside nor of sodium aquopentacyanoferrate (prepared according to 
the directions of Hofmann (21)) yield appreciable color with canavanine. 
Solutions of sodium ammine pentacyanoferrite or of sodium aquopentacy- 
anoferrite, prepared according to Hofmann (21), yield some red color, 
Further, solutions of sodium aquopentacyanoferrate which have been 
partially converted to the corresponding ferrite compound, either by 
addition of a small amount of ascorbic acid or of urine, vield more color 
than the solution of pure ferrite compound. 

It is believed, therefore, that maximum color formation with canavanine 
is dependent upon the presence of both the ferrite and ferrate compounds 
or on the presence of one or the other, together with a system which con- 
verts either one partly to the other. 


Interference by Cyanide, SH Groups, and Other Constituents in Biological 
Preparations 


Hill (22) has observed that sodium nitroprusside reacts readily with 
human or animal tissues or blood to liberate hydrogen cyanide. The 
nature of this reaction is as yet unknown but the fact that it occurs has been 
confirmed by the author. Cyanide inhibits the development of color with 
canavanine in the above reaction, because cyanide converts aquopentacy- 
anoferrite to ferrocyanide. Therefore, one would anticipate that color 
development would be retarded in solutions containing that component of 
blood or tissue which frees cyanide from nitroprusside. 

We have observed that not only human red cells but also glutathione and 
cysteine (but not cystine) give rise to a slow liberation of cyanide from 
nitroprusside. Human blood plasma liberates very little cyanide from 
nitroprusside. 

The decomposition of nitroprusside by blood and by SH groups was 
demonstrated by use of Conway diffusion units in the following manner. 
2 ce. of a 10 per cent solution of sodium nitroprusside were placed in the 
inner compartment of each unit. Similarly 3 cc. of 0.02 n NaOH were 
placed in the outer compartment. Then, to the inner compartment, were 


‘ The reduced form is called also sodium pentacyanoaquoferroate (19) or sodium 
aquopentaferrocyanide. 
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added 2 ec. of blood cells or of plasma or of cysteine (or of water in the 
case of the control). The solutions in the inner compartment were mixed 
with a stirring rod and the units covered and allowed to stand 1 hour. 
Then 1 ec. of N H,SO, was added to the solution in each inner compartment. 
The units were covered for 2 hours. On addition of 1 ce. of a saturated 
solution of AgeSO, in 0.5 N H.SO, to each of the outer compartments a 
clear solution was observed in the control. In the case of the units which 
contained blood or cysteine or glutathione, a curdy white precipitate of 
silver cyanide was formed. This precipitate dissolved on addition of an 
equal volume of concentrated HNO. 

So far, no method has been found for estimating canavanine in urine or 
plasma. There is present in urine some unidentified reducing substance 
which strongly inhibits the development of color with the canavanine 
reagent. Dialysates of plasma prepared according to the technique of 
Hamilton and Archibald (23) contain smaller amounts of this inhibitor. 
Neither urea (5 per cent), NaCl (5 per cent), NH,*, nor creatinine is re- 
sponsible for the observed effect of urine or plasma dialysates. The 
inhibitor is a reducing material and is destroyed in part (as is also can- 
avanine) by preliminary oxidation with ceric sulfate or permanganate. 
Preliminary treatment by addition of oxidizing agents such as H,O, or 
persulfate, aeration, extraction with organic solvents, or with Lloyd’s 
reagent, or with charcoal, or by precipitation with lead acetate, has failed 
to make an adequate removal of the interfering substance from a mixture 
of urine and canavanine. Addition of a mixture of potassium gluconate 
and potassium persulfate to give an oxidation-reduction potential equal to 
that of the aquoprusside reagent likewise failed to permit color develop- 
ment when urine is present. Shaking the urine or plasma dialysate for 2 
hours with an excess of silver sulfate to remove cysteine or glutathione or 
related SH compounds decreased the concentration of the inhibitor only 
slightly. 

Attempts to separate canavanine from the interfering substances by 
adsorption have likewise been unsuccessful. Canavanine is quantitatively 
adsorbed on Decalso from an aqueous solution. About 70 per cent of the 
canavanine can be eluted from the permutit by 0.3 per cent NaCl solution 
and 95 per cent by 1 per cent NaCl solution. However, after a mixture of 
canavanine and urine (diluted 1:50) had been passed through Decalso and 
followed by a wash with water, no canavanine could be demonstrated in an 
eluate made with 1 per cent NaCl. 

Super Zeo Dur likewise adsorbs canavanine quantitatively from solution 
and can effect adsorption even in the presence of 3 per cent NaCl solution. 
Elution of canavanine adsorbed from water or saline solutions can be 
accomplished with 0.02 n NaOH. However, such an eluate of a column 
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through which a mixture of urine and canavanine, followed by water, had 
passed, failed to give color with the aquoprusside reagent. Neither the 
Decalso nor the Super Zeo Dur adsorbed from urine substances which op 
elution interfered with the development of color when aquoprusside and 
canavanine are present. It would appear, therefore, that either urine 
prevents adsorption or subsequent elution of canavanine or else something 
in urine reacts with (and destroys) canavanine. 

Before measuring canavanine in any given biological preparations, it jg 
necessary to test the sample for the presence of inhibitor substance. This 
may be done by comparing the intensity of color obtained on addition of 
aquoprusside reagent to (a) a solution of purified canavanine and (6) a 
mixture of the same amount of purified canavanine with an aliquot of the 
sample to be tested and from which canavanine has been removed by 
pretreatment with Folin’s Decalso. If the intensities are identical (and 
if a sample treated with Decalso yields no color), no inhibitor is present. 
If the solution of pure canavanine yields more color, the sample contains 
inhibitor and the analysis can be conducted as outlined below. Decalso 
does not appear to remove substances which inhibit development of color. 


Application of Method to Analysis of Bean Extracts 


20 gm. of Squibb’s double strength jack bean urease were made into a 
paste with 50 cc. of water and dialyzed for 4 hours in cellulose sausage 
casing against 100 cc. of water at 0° in a manner similar to that employed 
for the preparation of canavanine-free urease (6). At the end of this time, 
the concentration of canavanine on either side of the membrane had reached 
equilibrium. Aliquots of the dialysate were diluted with water and apn- 
alyzed for canavanine by the procedure outlines above. Canavanine 
(purified as flavianate), when added to dialysates of some preparations of 
urease, yielded the expected amount of color with the aquoprusside 
reagent. Dialysates of a few lots of urease inhibited slightly the develop- 
ment of color as judged by the increment of color resulting from addition of 
purified canavanine. 

Similar dialysates were prepared from jack beans, castor beans, and soy 
beans. The paste was prepared by soaking the beans in 2.5 parts of water 
and homogenizing the softened beans in a Waring blendor. Jack beans 
and soy beans yielded dialysates with considerably more inhibitor than 
did the purified jack bean urease. 

Known amounts of purified canavanine were added to dialysates which 
had been treated with Folin’s Decalso to remove canavanine (but not 
inhibitor). After addition of buffer and aquoprusside reagent as outlined 
above, standard curves were prepared by plotting the optical densities 
against the mg. of canavanine added. By comparison with this standard 
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the amount of canavanine in the untreated dialysate was estimated. The 
results appear in Table I. 

Different aliquots of a solution of purified canavanine were added to 
0.5 ce. portions of a dilution of a dialysate of a preparation of urease and 
the volume was made up to 1 cc. with water. The mixture was treated 
with phosphate buffer and aquoprusside reagent as outlined in the pro- 
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Canavanine Contents of Beans and Urease Preparations 




















Source Canavanine 
per cent 
Squibb’s double strength urease prepared 
from jack beans 
Preparation 1 7.38 
7.40 
“ 2 6.60 
6.55 
“ 3 7 . 10 
Jack beans 2.7 
Soy “ <0.025 
Castor beans <0.03 
Taste II 
Recovery of Canavanine Added to Dialysate of Preparation of Urease 
we he of Total canavanine found Recovery of added canavanine 
mg. mg. per cont 
None 0.0397 
0.0635 0.1032 
0.1029 0.8 
0.0953 0.1350 
0.1350 100.0 
0.1270 0.1667 
0.1667 100.8 











cedure above. Comparison of the optical densities with the standard curve 
(prepared as outlined in the preceding paragraph) indicated the values 
shown in Table II. As might be expected from the manner in which the 
standards are prepared, the accuracy is about as great as that with which 


the standard curve is plotted and read. 


The author is indebted to Miss E. Stroh for technical assistance. 
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SUMMARY 


1. A quantitative colorimetric method for the determination of 0.01 to 
0.25 mg. of canavanine is outlined. A red color develops when canavanine 
reacts at pH 7.2 with aquoprusside reagent. 

2. Thiourea yields with aquoprusside reagent a less stable, blue color, 
Other organic sulfur compounds yield blue products which are even more 
unstable. 

3. Human red blood cells, glutathione, and cysteine (but neither plasma 
nor cystine) catalyze the decomposition of sodium nitroprusside to cyanide, 

4. Blood filtrates and urine contain unidentified substances which in- 
hibit the development of the color, so that the method in its present form 
is not applicable to these materials. It appears to be applicable to at least 
some plant extracts. 
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OBSERVATIONS ON SULFUR AMINO ACID DEFICIENCIES 
IN RATS 


CHEMICAL AND MORPHOLOGICAL CHANGES IN THE BLOOD* 
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The earliest indication for the need of an organic sulfur complex in the 
diet came in 1915 from the work of Osborne and Mendel (1), who showed 
that when the proportion of casein in the diet of the rat was reduced from 
18 to 9 per cent the resulting impairment of growth could be corrected by 
a supplement of cystine equal to 3 per cent of the casein. This finding 
was confirmed in many laboratories and the rdéle of cystine as a growth 
essential seemed definitely established. However, when in 1932 Jackson 
and Block (2) observed that methionine is also capable of supplementing a 
low casein ration, the growth essentiality of cystine was placed in doubt. 
Later Womack, Kemmerer, and Rose (3) using a synthetic mixture of 
nineteen amino acids as the protein moiety of an experimental diet con- 
cluded (a) that cystine is not a dietary essential for growth of the immature 
rat, (b) that its presence does not improve the quality of a ration which is 
adequate in methionine, and (c) that in the absence of methionine the ad- 
ministration of cystine fails to promote growth. These observations 
implied an irreversible conversion of methionine into cystine which has 
since been confirmed by the radioactive isotope investigations of Tarver 
and Schmidt (4). More recent experiments by Womack and Rose (5) 
have shown that cystine is capable of stimulating growth only when methi- 
onine is present in suboptimal amounts and that only 16 per cent of the 
methionine requirements can be met by cystine. 

In apparent contradiction to these growth studies, an extensive study of 
the relationship of dietary cystine and methionine to the blood proteins led 
Whipple and coworkers (6) to conclude that methionine is not an efficient 
substitute for cystine in the regeneration of plasma proteins of experi- 
mentally hypoproteinemic dogs. These observations suggested that under 
certain conditions the rate of biological conversion of methionine is not 


* Aided by grants from the Rockefeller Foundation and the National Live Stock 
and Meat Board. Partial support was also derived under a contract, recommended 
by the Committee on Medical Research, between the Office of Scientific Research 
and Development and New York University. 
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adequate for the normal biosynthesis of plasma proteins, and prompted us 
to determine the effect of cystine- and methionine-deficient diets on these 
cystine-rich tissues in animals not subjected to plasmapheresis. These 
experiments were performed and the results indicate that the blood pro. 
tein levels of immature and adult rats were not affected by the cystine. 
deficient diet, whereas they were markedly reduced within 100 days by a 
methionine-deficient diet. In view of the known high cystine content of 
blood albumin and globulin, these findings can hardly be interpreted as 
disqualifying cystine as an amino acid essential in the formation of these 
vital proteins, but seem rather to furnish additional evidence for the 
conversion of methionine into required cystine in the animal organism. 
These observations would seem to complement rather than confute those 
of Whipple which in effect indicate that greater nutritional efficiency can be 
gained by feeding the animal such amino acids as are specifically required 
for specific proteins than can be attained from the feeding of biochemical 
counterparts. 


EXPERIMENTAL 


Animals—The observations reported here were made on immature and 
adult rats derived from a hybrid colony of albino and hooded Norwegian 
rats. The food intake of the control animals was restricted to that of the 
animals on the deficient diets. The animals were kept in individual cages 
which were not designed to prevent coprophagy. 

Preparation of Diets—The composition of the diets employed in this 
study is shown in Table I. The protein moiety of the cystine-deficient 
diet (Cy) was obtained by the addition of 1.5 per cent of 1(—)-trypto- 
phane to a neutralized acid hydrolysate of casein previously filtered through 
norit A. This process has been found to reduce the cystine content of the 
casein hydrolysates to 0.05 + 0.02 per cent. The control for this diet 
(CCy) was derived by supplementation of the protein component of Diet 
Cy with 1.0 per cent of cystine. The protein fraction of the methionine- 
and cystine-deficient diet (SF) was prepared by tryptophane reinforce- 
ment of a hydrogen peroxide-oxidized acid hydrolysate of casein (7) which 
contained 0.20 per cent of methionine and 0.17 per cent of cystine by 
analysis (8, 9). The control diet (CSF) was obtained by the addition of 
3.0 per cent of dl-methionine and 1.0 per cent of 1(—)-cystine of the protein 
fraction to Diet SF. In order to maintain the protein level of the diets 
constant, the amount of hydrolysate added to the diets was reduced pro- 
portionately to the amount of amino acid supplementation. Owing to 
uncertainties regarding the B complex vitamins, brewers’ yeast was used 
instead of a mixture of the synthetically available components of this 
vitamin group. From analysis in the literature it appears that the 0.4 
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gm. of yeast present in each 10 gm. of these diets provided the animals 
with an additional 1.2 mg. of cystine (10) and 8.0 mg. of methionine (11). 
This amount of methionine is apparently not sufficient to cover the needs 
of the immature or adult rat. 

Blood Analysis—The blood samples (1.0 to 2.5 cc.) were all obtained 
by heart puncture and collected over lithium oxalate in 5 cc. centrifuge 
tubes. After removal of samples for colorimetric hemoglobin determina- 
tion and cell counts, the remainder was centrifuged and the non-protein 


TaBie I 
Composition of Diets 
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Diet SF | Diet CSF | Diet Cy | Diet CCy 
<a gm gm. gm. | gm. 
Acid-hydrolyzed casein*....... | 0 0 15.7 15.5 
Oxidized casein hydrolysate’... 15.7 15.1 0 0 
ee 4.0 4.0 4.0 4.0 
ee coke accun wine ea 14.1 14.1 14.1 14.1 
a bs ea hay hve be mes bob 39.3 39.3 39.3 39.3 
Agar | 2.0 2.0 2.0 2.0 
chins bis tkvageee one 18.0 18.0 18.0 18.0 
Cod liver oil substitutef.......| 4.7 4.7 4.7 4.7 
er ere 2.0 2.0 2.0 2.0 
\(-)-Tryptophane........... | 0.28 0.23 | 0.23 0.23 
ccs spetssacehes 0 0.17 0 0.17 
EE cet ocacseeuhnces 0 0.47 0 0 

_ a5 Beer er ee 100.0 100.0 100.0 100.0 





*N X 6.25 = gm. of protein. 

t Mead Johnson and Company. 

t The salt mixture employed had the following composition (measured in gm.): 
NaCl 18.9, CaHPO,, anhydrous, 25.0, MgSO,, anhydrous, 6.86, KHCO, 44.4, KC] 2.88, 
Fe™ citrate, U. S. P., 2.21, CuSO,, anhydrous, 0.24, MnSO,, anhydrous, 0.15, KI 
0.015, NaF 0.03. 


nitrogen and plasma protein estimations performed as previously re- 
ported by us (12). 


Results 


The nutritional adequacy of the diets employed in these studies was 
bioassayed in the immature rat. It will be observed that as might be 
expected the growth value of Diet Cy which contains 16 per cent of pro- 
tein is not improved appreciably by cystine supplementation (Fig. 1). 
It is evident from the data presented in Fig. 2 that Diet SF, constructed 
from tryptophane-supplemented peroxide-oxidized casein hydrolysate, is 
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clearly deficient in methionine, since nutritional adequacy is restored on 
supplementation with 3 per cent of dl-methionine, which provides the 
animals with 26.0 mg. of di-methionine per 5 gm. of the daily ration. 
Since Diets SF and Cy are of similar cystine content, and since Diet Cy 
supports growth in the immature rat (Fig. 1), the growth failure of Diet 
SF must be due to a lack of methionine rather than cystine. 

In appraising the results of the blood studies, attention is called to two 
previous findings (a) that, while a symmetrical reduction in food intake 
(a sequel of paired feeding experiments) results in poor or negative weight 
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Fig. 1. The effect of a cystine-deficient diet (denoted by Cy in the rat number) 
and a cystine-supplemented cystine-deficient diet (CCy) on the growth of the im- 
mature rat. The figures in parentheses denote animal weights in gm.; those in 
brackets, the average daily food intake. 

Fic. 2. Growth effect of methionine (denoted by CSF in the rat number; SF in- 
dicates the control diet) on immature rats. The figures in parentheses denote body 
weights of the animals in gm.; those in brackets, the average daily food intake. 


gains of the control animals, it does not affect the hemoglobin or plasma 
protein levels of the blood, and (b) that the plasma protein and non- 
protein nitrogen levels tend to be higher in the adult rats than in the im- 
mature animals (12). Thus, plasma protein values were found to average 
6.4 gm. per cent in the normal adult animals in contrast to 5.2 gm. per cent 
in the immature ones. A comparison of typical values secured for the 
animals on the cystine-deficient and cystine control diet reveals that a 
prolonged cystine deficiency failed to induce a reduction of blood protein 
and cell count levels below those found in the control animals (Table II). 

In contrast to these findings, the animals maintained on the methionine- 
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and cystine-deficient diet (Table III) showed a reduction in total plasma 
proteins which became consistent and striking after 100 days or more of 
this regimen, which provides a total of 26.7 mg. of cystine per 10 gm. of 
daily ration. The loss arises principally from a decrease in the albumin 
fraction, which is not of such magnitude as to cause conspicuous changes 
in the albumin-globulin ratios. Furthermore since the marked drop in 
hemoglobin values caused by the methionine-deficient diet is not accom- 
panied by a fall in red blood cell count, the anemia so induced, like that 
of the tryptophane and other nutritional deficiencies, is hypochromic in 
character. 

These experiments indicate that in the presence of methionine, cystine 
is not a dietary essential for the maintenance of normal blood protein 
levels in the adult and immature rat, but should not be construed as 
attributing a specific antianemic function to methionine. It is also to be 
noted that hypoproteinemia and anemia induced by the methionine de- 
ficiency in the rat are not as severe as that caused by a tryptophane de- 
ficiency of comparable duration. 


Comments 


The need for cystine in the biosynthesis of plasma proteins is pred- 
icated by the relatively high cystine content of the rat plasma proteins. 
Calculations from the diets employed in these experiments indicate that 
in the absence of methionine normal blood protein formation cannot be 
achieved by immature and adult rats on a respective 13.5 and 27 mg. daily 
intake of cystine. It follows therefore that, in the absence of an adequate 
supply of dietary cystine, the cystine required for vital proteins must be 
derived from the metabolic conversion of methionine to cystine. Our 
experiments, consequently, do not disqualify cystine as an amino acid 
essential in the formation of plasma proteins, but rather constitute addi- 
tional evidence of the transformation of methionine into the needed 
cystine. Moreover, the failure of the cystine-deficient diet to lower the 
plasma proteins of the rats would seem to support rather than disprove 
the view of Whipple and his associates that cystine qualifies as a key amino 
acid in plasma protein regeneration of experimentally hypoproteinemic 
dogs. Thus, our data demonstrate that cystine required for plasma pro- 
tein formation can be derived, when necessary, from dietary methionine, 
while Whipple’s observations suggest that greater nutritional efficiency is 
gained when preformed cystine is available to the depleted animal. 

In view of the low cystine content of hemoglobins, it seems reasonable 
to assume that the anemia induced by the methionine- and cystine-deficient 
diet results from the dietary lack of methionine rather than cystine. 

Attention is called to our report that two adult males maintained on a 
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diet deficient in both methionine and cystine for 36 days did not reveal any 
significant changes in blood protein (13). The divergence of our findings 
in experiments on the rat and human undoubtedly arises from the 
relatively short duration of the human study. 

In this and previous experiments, we have noted that the growth of 
immature rats on diets prepared with cystine- and tryptophane-supple- 
mented acid digests of casein (14) or mixtures of the crystalline amino 
acids (15) is suboptimal when compared to the growth of immature animals 
maintained on diets made up of amigen or whole casein. Inasmuch as the 
blood protein levels of immature and adult rats maintained on our control 
Diets CCy and CSF and those on Diet CTH (12) of a previous report fall 
well within the range of animals maintained on a stock or amigen diet, it 
can be reasonably assumed that the growth factor deficiency of our diets 
failed to affect appreciably the production of blood tissue in rats within 


the period of the experiments. 


SUMMARY 


It has been found that a cystine-deficient diet does not affect the blood 
protein levels of the immature or adult rat, whereas hypoproteinemia and 
anemia are induced in these animals by a methionine- and cystine-deficient 
diet. These findings indicate that in the dietary absence of cystine the 
cystine required for the formation of blood albumins and globulins can be 
derived from methionine. It also appears that the dietary lack of factors, 
which causes suboptimal growth of the immature rats, does not influence 
the blood protein levels of these animals. 
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It is now generally agreed that vitamin B, is involved in the metabolism 
of amino acids. Certain derivatives of the vitamin function as a coenzyme 
in the decarboxylation of tyrosine (1, 2), lysine (3), arginine (3), and 
glutamic acid (3), and also in transamination reactions (4, 5). Vitamin 
B, tends to minimize the toxicity observed when d-serine is injected or 
fed by stomach tube (6, 7). Several species of animals excrete xanthu- 
renic acid, when the vitamin Bs content of the diet is inadequate; xanthu- 
renic acid is an abnormal metabolic derivative of tryptophane (8, 9). 
Rats deprived of vitamin Bs develop dermatitis more readily on diets 
containing 30 to 60 per cent of casein than when 15 to 18 per cent is fed 
(10, 11). Mice deprived of vitamin Bs have a higher mortality rate on 
high protein diets than when the protein content of the diet is moderate; 
the amount of vitamin required for a given growth response rises as the 
consumption of protein is increased (9). These observations raised the 
question whether the consumption of protein exerts an adverse effect upon 
the concentration of vitamin Be within the animal body. 


EXPERIMENTAL 


Methods 


Young rats or mice were fed pyridoxine-deficient diets that contained 
10 or 50 per cent of casein, and, after suitable intervals of time, the animals 
were killed and the tissues analyzed microbiologically for vitamin Be 
(Streptococcus carlsbergensis assay 12). In other series graded amounts 
of pyridoxine were added to the two basal diets fed. Other dietary var- 
iations included changes in the kind of protein or in the other vitamins of 
the B complex (see below). 

All animals were kept in screened cages, the rats singly, the mice in 
groups of three to four. The rats usually weighed 40 to 50 gm. at the 
beginning of the experiment; the mice weighed 9 to 14 gm. They were 
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fed the diets listed in Table I. Periodically the mice were placed for 24 
hours in metabolism cages fitted with an outside feeder and the urine was 
collected under toluene. At first the vitamin Bs was determined both in 
diluted unhydrolyzed urine and in aliquots that had been autoclaved for 
1 hour in 0.1 N HCl. However, the same values were obtained with both 
procedures, and hence subsequent determinations were made on unbhy- 
drolyzed urine only. 

The tissues were prepared for analysis as follows: the animal was de- 
capitated and allowed to bleed freely. The livers, kidneys, and muscle 
from the hind legs were removed, and the smaller organs, or 1 gm. aliquots 


TaBLe I 
Composition of Rations Fed 





Mice Rats 








per cent | per cent 
Casein (alcohol-extracted).................... oJ l0or50 10 or 50 
Ns Ri soo. ds duetes ban ndunceeseks 5 5 
NN 06 oa ors cud haaae A Mo aww oe dai 4 4 
a sndadientthiunsipbeseccseshess<nessyeck ie | 100 

mg. per 100 gm. diet | mg. per 100 gm. diet 
Pyridoxine hydrochloride...................-...+.-| 0-1.0 0-0.25 
ct oon nck eca steeoves 0.3 | 0.25 
Calcium pantothonate....................ccceeeee 2.0 2.0 
ER si iweekd buat vr bicdnss cvscnexeeseveeds | 0.6 0.3 
ESS Eee re 0.5 0.25 
i eTocs domkebanrkh an Vhdek i pRersbes 54h | 50 | 100 
SEES 2 ele RE paren ee ae ae ae | 50 100 
p-Aminobenzoic acid.......................:- 30 30 
| EE Ae Cee ee , 100 100 





* 1 volume of halibut liver oil was added to 999 volumes of corn oil. Each rat 
also received 2 drops of halibut liver oil at the start of the experiment. 
¢t Glucose monohydrate. 





of the larger ones, were weighed immediately and homogenized in a Waring 
Llendor for 2 to 3 minutes with 25 ml. of 0.1 nN HCl. The samples were 
then diluted to approximately 180 ml. with 0.1 n HCl and autoclaved for 
| hour at 15 pounds pressure. Essentially the same values were obtained 
with 0.055 x HCl as with 0.1 n HCl. The samples were cooled and the 
pH adjusted to 5.2, chilled, and the precipitate allowed to coagulate. 
Filtered aliquots were then added to suitably prepared medium inoculated 
with Streptococcus carlsbergensis according to Atkin et al. (12) and the 
turbidity measured after incubating at 30° for 16 hours. A standard curve 
was made within the range of 0 to 50 millimicrograms of pyridoxine per 
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flask with each series of determinations. All manipulations were carried 
out in subdued light. 

The results were expressed as micrograms of pyridoxine per unit weight 
of sample, although it is recognized that pyridoxal and pyridoxamine are 
also present in tissues (13). However, the organism employed in the 
assay responds to all three forms approximately as higher animals do 
(14), and hence the assay is a measure of vitamin Bs taken collectively. 


Results 
Effect of Casein on Depletion of Hepatic Vitamin Bs—Weanling mice 
were found to contain 4.4 y of vitamin Bg per liver or 9.8 y per gm. of liver 
tissue. This corresponds fairly well with the amounts found in the livers 
of other species (12, 15). When vitamin Bs was omitted from the diet, 
the amount in the liver decreased, whether the percentage of casein in the 


TABLE II 
Depletion of Vitamin B, from Livers of Mice Fed 10 or 50 Per Cent Casein 








Wks. on experiment 














o{2] 3 | 5 ire ow 
10% casein | No. of mice 31/3 |4 | 4 | 41:5 1/3 
Average weight, gm. 9.512.813.0 12.0  /|11.3)10.8)10.4 
Vitamin B, per liver, y 3.6; 2.9'2.9|} 3.2 | 1.4] 1.1] 0.87 
7 “gm. liver, y | 8.5) 4.3) 3.7 | 4.2 | 2.2] 1.5) 1.25 
50% casein No. of mice 3 |3 | 2 | All dead 
Average weight, gm. 8.7| 8.1) 7.8 | 
Vitamin B, per liver, 7 3.6 1.5 0.85, 
wa “ “om. liver, y 8.5) 1.9) 0.97 





| 
| 
| 
| 
| 
| 


+ — 


diet was high or low (Table II). The rate of decrease was much greater on 
the higher level of protein. After 3 weeks on 50 per cent of casein, mice 
contained only 0.85 y of vitamin Bg per liver (0.97 y per gm.), whereas 
mice on 10 per cent of casein still contained 2.9 y per liver (3.7 y per gm.). 
On the low protein diet a period of 12 weeks was required before the con- 
centration of hepatic vitamin B, decreased to the low level reached in only 
3 weeks on 50 per cent of casein (Table II). 

In general the changes in the concentration of vitamin Bs per gm. of 
liver tissue paralleled the changes per liver, although some irregularities 
Were evident. Thus during the first 2 weeks on 10 per cent of casein the 
mice gained in weight and the livers also increased in size, while the total 
amount of vitamin Bg present per liver decreased by 19 per cent (Table IT). 
The concentrations per gm. of liver decreased by 50 per cent during this 
interval. On the 50 per cent casein diet, also, the percentage decreases 
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per gm. of liver were somewhat greater than those per liver, 58 and 77 per 
cent respectively at 2 weeks. Changes in the other organs were roughly 
similar to those in the liver. 

The amounts of hepatic vitamin Bg retained when the deficient diets were 
fed depended among other things upon the size of the mice at the beginning 
of the depletion period (Table III). This effect was not very great on 
the diet containing 10 per cent of casein, but on 50 per cent of casein the 
amounts of vitamin Bg in the liver ranged from averages of 1.3 + to 3.9 y, 
depending upon whether the mice weighed 8 or 14 gm. at the beginning of 
the depletion period. Mice of intermediate sizes contained intermediate 
amounts of hepatic vitamin Bs (Table III). The heavier mice on 50 per 
cent of casein contained as much vitamin as those on the low protein diet 
(ca. 4 y per gm.). Higher levels of casein increased the rate of depletion 


TaB_e III 


Effect of Protein on Depletion of Hepatic Vitamin By, in Mice of Different Sizes 
(Depletion Period, 3 Weeks) 

















10 per cent casein diet 50 per cent casein diet 
Initial weight — 

— Vitamin Be per liver wena Se get gM. | Vitamin Be per liver Vent ge gm. 

gm. 7 7 7 Y 

8-9 2.6 (4) 4.1 1.3 (7) 1.8 
9-10 2.3 (5) 3.9 1.4 (5) 1.5 
10-11 2.4 (7) 3.4 1.8 (2) 1.7 
11-12 3.3 (4) 3.9 2.2 (4) 3.3 
12-14 } 4.2 (5) 4.7 2.7 (4) 3.7 
14-17 4.1 (4) 4.1 3.9 (6) 4.3 








The numbers of mice used for each determination are indicated in parentheses. 


of vitamin Bs, from adult mice, although more time was required for the 
effect to become evident. After 5 to 9 weeks of depletion livers of mice 
fed 10 per cent of casein contained 4.0 y of vitamin Bs per gm. (2.3 to 5.2), 
as compared to 2.4 y (1.6 to 3.2) on 50 per cent of casein. Per liver the 
figures were 4.3 y (3.7 to 4.9) and 2.9 y (1.8 to 2.7) respectively. 

The faster rate of depletion of vitamin Bs on the high protein diet did 
not appear to be due to an increased loss of vitamin in the urine. Similar 
amounts of vitamin B, were found in the urine from the low and high 
casein groups: 0.21 and 0.23 y respectively per adult mouse per day 
after 3 weeks, and 0.44 and 0.43 y after 7 weeks. During the Ist week 
of depletion weanling mice excreted 0.21 and 0.18 y of vitamin Be daily 
on the two diets respectively, while the amounts during the 3rd week were 
0.12 and 0.15 y. Nor did the lower amounts of vitamin Bg in the liver 
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appear to be due to a reduction in food intake on the higher level of casein. 
Weanling mice were fed the 10 per cent casein diet in amounts calorically 
equivalent to those consumed by a control group on 50 per cent of casein, 
while a third group received the 10 per cent casein diet ad libitum. During 
a 3 week period the consumption of food averaged 2.5 gm. per day per 
10 gm. of mouse on the 10 per cent casein diet, and only 1.44 gm. per day 
on the 50 per cent casein diet. 

The livers of eight mice fed restricted amounts of the 10 per cent casein 
diet contained as much vitamin Bg as those fed the diet ad libitum, 2.5 
and 2.4 y per liver respectively. However, the partially fasted mice had 
the smaller livers, and hence the concentration of vitamin per gm. of 
tissue was actually increased 4.5 and 3.4 y per gm. respectively. Eight 


TaBLe IV 
Storage of Vitamin B, in Livers of Mice Fed Graded Amounts of Pyridoxine in High 
and Low Protein Diets 

















10 per cent casein 50 per cent casein 
100 gm. diet No. of Avera, Vitamin Be No. of Aver Vitamin Be 
aa per wk. Per liver Per gm. —_ per wk. Per liver Per gm. 
liver liver 
me. gm. 7 Y gm. 7 7 
0 23 0.8 2.7 3.7 18 —0.3 1.9 2.5 
0.05 2 2.3 6.2 5.8 
0.10 10 2.3 i 6.5 9 1.3 6.6 5.8 
0.25 13 2.2 8.6 10.1 13 2.2 10.7 10.0 
0.50 7 2.1 9.5 9.1 5 2.6 14.7 12.5 
1.0 11 2.2 9.8 9.6 11 2.6 14.3 11.1 





























mice of this series on 50 per cent of casein averaged 2.3 y of vitamin B, 
per gm. of liver tissue. 

Effect of Casein upon Storage of Vitamin Bs—Young mice 8 to 11 gm. 
in weight were fed either the high or the low protein diet with amounts 
of pyridoxine ranging from 0 to 1.0 mg. per 100 gm. of diet (Table IV). 
The rations were fed for 3 to 4 weeks and the hepatic vitamin Bs de- 
termined. As observed previously, the mice deprived of pyridoxine lost 
weight on 50 per cent of casein, while those on 10 per cent of the protein 
gained weight slightly. Optimal growth, within the limits permitted by 
the diet, was observed on the low protein diet when 0.05 mg. of pyridoxine 
was gdded per 100 gm. of ration. On the high protein diet, however, 5 
times as much, viz., 0.25 mg. of pyridoxine, were required per 100 gm. of 
ration for a similar growth response (Table IV). This confirms a previous 
observation that a high protein diet increases the requirement of pyri- 
doxine for the growth of mice (9). 
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A parallel observation was that the hepatic storage of the vitamin on 
low levels of pyridoxine intake was somewhat lower on 50 per cent of 
casein than on 10 per cent of casein; e.g., 5.8 as compared to 6.5 ¥ of vitamin 
Bs per gm. of liver at an intake of 0.1 mg. per 100 gm. of diet (Table IV), 
At higher levels of pyridoxine intake, however, 0.5 to 1.0 mg. per 100 gm., 
the high protein diet actually appeared to promote the storage of the vi- 
tamin. Livers of mice on the low protein diet contained 9.1 to 9.6 y per 
gm., as compared to 11.1 to 12.5 y per gm. on 50 per cent of casein. 

Thus dietary protein appeared to exert opposite effects upon the storage 
of hepatic vitarnin B., depending upon the level of vitamin in the diet, 
At low levels of vitamin intake high protein minimized vitamin storage. 
This may well be a reflection of a greater need for vitamin Bs when large 


TABLE V 


Effect of Certain Proteins and Amino Acids on Depletion of Vitamin Bg from Mouse 
Livers (3 Weeks) 





ee Vitamin Be 




















one No. of mice pak. ee 
| Per liver | Per gm. liver 
gm. Y 7 
Initial stores 8 4.4 9.8 
1 10% casein 7 0.7 | 2.8 3.2 
2 20% “ 8 0.7 | 2.5 3.3 
3 20% fibrin 7 0.9 3.5 3.6 
4 20% egg albumin 4 1.3 5.2 5.9 
5 20% lactalbumin 4 1.0 3.4 3.3 
6 50% casein | 6 —0.4 | 2.1 2.4 
7 10% “ +0.96%dl-trypto-| 11 0.6 | 2.7 3.7 
phane 
8 10% casein + amino acids* | 4 0.8 | 3.3 5.3 











* Amino acids added as per cent of diet : 1(+)-glutamic acid 9.12, l-asparagine 2.52, 
l-tyrosine 2.56, dl-alanine 1.20, dl-phenylalanine 0.40, glycine 0.22. 


amounts of protein are being metabolized. On the other hand protein 
tended to promote the storage of vitamin Bs when the intake of the vitamin 
was high, possibly by increasing the concentration of those substances to 
which the vitamin is attached in the liver. In this connection it is,of 
interest that the hepatic storage of riboflavin is also much higher on high 
protein diets than when the intake of protein is low (16). 

Effect of Other Proteins and Amino Acids—The marked effects of casein 
upon the storage of vitamin Bg in the liver raised the question whether 
other proteins produced a similar response. Tryptophane was studied in 
this connection because its metabolism is abnormal in vitamin Be deficiency. 
Accordingly young mice were fed for 3 to 4 weeks on diets deficient in vi- 
tamin Bs and containing the proteins or amino acids listed in Table V. 
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20 per cent of fibrin was fed because this amount contains as much trypto- 
phane as 50 per cent of casein (17). For comparison casein, egg albumin, 
and lactalbumin were also fed at the 20 per cent level. The dl-trypto- 
phane in Group 7, Table V, was calculated to supply as much of the / 
jsomer as the ‘“‘extra’’ 40 per cent of casein in the 50 per cent casein diet 
(Group 6). The final group (Group 8) contained 10 per cent of casein 
and 16 per cent of a mixture of dl-alanine, dl-phenylalanine, /-tyrosine, 
asparagine, and /-glutamic acid. These amounts, also, were equivalent 
to the | acids present in 40 per cent of casein. 

The mice on 50 per cent of casein (Group 6) lost an average of 0.4 gm. 
per week and their livers contained less vitamin Be than those of Group 1, 
which received 10 per cent of casein. The latter mice gained 0.7 gm. per 
week. All other groups grew at least as well as those on 10 per cent of 
casein, and contained as much vitamin in the liver. On many of the diets 
the original amount of vitamin Be in the liver, 4.4 y, did not decrease much 
during the 3 weeks of the experiment, 7.e., to 2.7 to 3.5 y per liver. Per 
gm. of liver, however, there was a marked decrease in all cases, presumably 
because the mice gained in weight and a limited amount of vitamin, al- 
though conserved rather efficiently, was distributed in more liver tissue. 
The mice on egg albumin and lactalbumin (Table V, Groups 4 and 5) grew 
best of all, and their livers were somewhat higher in vitamin Bs than those 
in the other groups. However, these proteins contained 0.017 and 0.013 
mg. of vitamin Be, per 100 gm. of ration, and hence the favorable effects 
observed are presumably without significance. 

It was evident, however, that tryptophane was not the main factor 
responsible for the depletion of the vitamin from the liver of mice on high 
protein diets. When dl-tryptophane was added to a 10 per cent casein 
diet, growth and storage were very similar to those when the tryptophane 
was omitted (Table V, Groups 7 and 1). On fibrin (Group 3), which is 
high in tryptophane, growth and storage were actually improved somewhat. 
The amino acid mixture (Group 8) did not affect growth or the storage of 
the vitamin, although the livers decreased in size and hence the concentra- 
tion of vitamin Be per gm. of liver appeared to be increased. 

Fatty Livers—Many of the mice on the diets low in vitamin Beg devel- 
oped pale, friable, fatty livers. This condition appeared much more 
rapidly on the high casein diet than on that containing only 10 per cent of 
casein (Table VI) and, in general, seemed to parallel the other evidences of 
a severe vitamin Bg deficiency such as loss in weight and a low concentration 
of vitamin in the tissues. The addition of tryptophane to the diet either 
as the di acid or as fibrin tended to hasten fatty liver formation. 

Preliminary analyses indicated that roughly 15 per cent of the fresh 
Weight of such livers was extractable with ether. When a fatty liver was 
homogenized in acid for vitamin Bs analysis, an extremely cloudy and stable 
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emulsion resulted, which, however, was broken after autoclaving and 
neutralization to pH 5.2. The filtered aliquots added to the culture tubes 
were clear. Nevertheless, the question arose whether the presence of fat 
might have interfered with the assay for vitamin Be. Accordingly four 
large livers from normal mice were minced and divided into two portions 
each. The first was analyzed directly; the second (ca. 0.6 gm.) was added 
to 1 ml. of corn oil prior to homogenization and extraction. In no case 
did the presence of this added fat alter the results of the analysis for 
vitamin Be, and hence the low levels of the vitamin found in the livers of 
mice fed 50 per cent of casein were regarded as real. 




















Tas.e VI 
Fatty Livers in Mice Fed Diets Deficient in Vitamin B, 
emttone No. of mice one =. Per cent 

EL «42 eu tue tekasdceadesaanhsy 344 31 0 0 
St Ciaidavaohdsdasdececeseudss 7 4 1 25 
a see eae? s 5 2 40 
RE ETE ils coudh cand ainins kpeuaeaee Wath 12 4 4 100 
it ca 34 30 16 53 
10% ‘“ + dl-tryptophane.......... 3+4 11 3 27 
ae JE wn coketens busses: 3-4 7 2 29 
I soso dcickscowcicscest 3-4 4 4 100 
I eee Te 34 4 0 0 
NG cee aed eed Leedasanbes 34 12 0 0 
20% “ + biotint + Lactobacillus 

tdi ss ae aknnmeh inn 3-4 4 0 0 
20% casein + biotint + L. casei factort | 

+ 0.5% succinylsulfathiazole....... | 3&4 3 0 | 0 





* Based only on the gross appearance of the livers. 
15 y per gm. 


Vitamin Bs in the Rat—Weanling rats were deprived of vitamin Bg for 
10 weeks on diets containing 10 or 50 per cent of casein, and the tissues 
analyzed as before. Control animals received 2.5 y of pyridoxine per gm. 
of diet. In contrast to the results with mice, the high protein diet did 
not hasten the depletion of vitamin Bs from the tissues of the rats (Table 
VII), nor was the storage of the vitamin affected at a comparatively high 
level of pyridoxine intake. The rats receiving pyridoxine and 50percent 
of casein grew better than those on 10 per cent of casein, and they also 
had larger livers and kidneys. Accordingly the vitamin content per 
organ was greatest on the high protein diet, but the vitamin content per 
gm. of tissue was almost identical on the two levels of casein (Table VII). 
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Analyses after 5 weeks on the various diets yielded results very similar 
to those after 10 weeks, and the variations in the vitamin content of the 
kidneys and muscle tended to parallel those in the liver; these tissues con- 
tained roughly one-half and one-third, respectively, as much vitamin Bs 
as the liver. 

The failure of the high casein diet to alter the concentration of vitamin 
B; in rat tissue has a counterpart in the observation that the survival of 
the pyridoxine-deficient rat is affected only slightly, if at all, by an increase 
in dietary casein (9, 18). Young mice, on the contrary, lose their stored 
vitamin more rapidly (Table II) and have a higher mortality rate when 
the level of casein in the diet is increased. 


TaB_e VII 


Effect of Casein upon Vitamin B, Content of Rat Tissues (Rats Depleted of Vitamin By, 
for 10 Weeks) 
































nie Vitamin Be per gm. a per 
per wk. 
Liver | Kidneys | Muscle | Liver | Kidneys 
gm. Y 7 7 7 Y 
Initial stores 10.6 6.5 5.6 40.7 5.5 
10% casein, no Bs 4 5.1 | 2.6 1.8 | 29 2.9 
0% “ - 3 4.1 2.4 1.7 25.3 3.3 
10% “ 2.57 Be per gm. 12 13.8 | 6.7 5.7 | 87 9.1 
—— CC 20 14.0 | 5.3 5.0 | 149 11.9 
SUMMARY 


1. Young mice were fed diets deficient in vitamin Bs and the tissue 
reserves of the vitamin found to diminish much more rapidly on 50 per 
cent of casein than when the diet contained 10 per cent of casein. Young 
mice were more sensitive to the protein than older ones. The mice on 
high protein lost more weight and had a higher mortality rate than those 
on the low protein diet. 

2. The effect was not due to variation in caloric intake or to unequal 
urinary excretion of the vitamin or to the tryptophane content of the 
diets. Many of the severely deficient mice developed fatty livers. 

3. The concentration of vitamin Bg in the tissues increased progressively 
with increasing consumption of pyridoxine. At low levels of vitamin 
intake less vitamin was stored on the high protein diet. At relatively 
high levels of pyridoxine intake, however, the high protein diet favored 
the storage of the vitamin. 

4. The level of casein in the diet did not appear to affect either the storage 
or the depletion of vitamin Bs from the tissues of rats. 
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PARTIAL SYNTHESIS OF COMPOUNDS RELATED TO ADRENAL 
CORTICAL HORMONES 


IX. STEPWISE DEGRADATION OF THE SIDE CHAIN OF 3(a),11(a)- 
DIHYDROXYCHOLANIC ACID* 


By WILLIAM P. LONG, CHARLES W. MARSHALL, 
ano T. F. GALLAGHER 


(From the Department of Biochemistry, University of Chicago, Chicago) 
(Received for publication, May 23, 1946) 


The present report deals with the stepwise removal of the side chain of 
3(a),11(a)-dihydroxycholanic acid I (1) and the preparation of the cor- 
responding etio acid IT. 


Ya a 
C—H Sab 
HO \ 
SN! CH, ys 
| 18 18 steps | 
| CH; 


< L X 
' 
OH 


(I) (II) 


The procedure devised by Barbier and Locquin (2) and applied first to the 
degradation of cholanic acid by Wieland, Schlichting, and Jacobi (3) was 
employed. This method has been shown to be generally applicable to 
various hydroxylated bile acids, especially by Hoehn and Mason (4, 5) 
and by Reichstein and his colleagues (6-8). The pertinent literature is 
cited in the publications of these authors. 


HO 


EXPERIMENTAL! 


3(a) ,11 (a)-Diacetoxybisnorcholanyldiphenylethylene—20.0 gm. (0.05 
mole) of methy! 3(a) , 11(a)-dihydroxycholanate (m.p. 126-130°) dissolved 


* Part of the work described in this paper was done under a contract, recommended 
by the Committee on Medical Research, between the Office of Scientific Research and 
Development and the University of Chicago. The expenses of part of the work were 
defrayed by a grant from Memorial Hospital, for which we wish to express our thanks. 

* All melting points are corrected. The microanalyses were performed by Joseph 
Alicino (J. A.), The Squibb Institute for Medical Research, New Brunswick, New 
Jersey, by Dr. Adelbert Elek (Elek), The Rockefeller Institute for Medical Research, 
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in 650 ml. of anhydrous benzene were added to a solution of 20 mole 
equivalents (1.0 mole) of phenyl magnesium bromide (previously filtered 
to remove particles of metallic magnesium) in 400 ml. of ether and 500 ml. 
of benzene. The reaction mixture was heated under a reflux with stirring for 
24 hours in an atmosphere of nitrogen, cooled, poured on ice, and acidified 
with 10 per cent sulfuric acid. The aqueous phase was separated and 
reextracted twice with ether. The organic solvent was washed with 
dilute hydrochloric acid, dilute sodium carbonate, and with water. The 
solvents were removed by distillation and the oily residue distilled with 
steam until 6.5 liters of distillate had been collected. The aqueous layer 
was decanted, the residual oil dissolved in 250 ml. of ethanol, 50 ml. of 
4 n sodium hydroxide added, and the solution heated under a reflux for 
15 minutes. 250 ml. of water were added and the alcohol removed by 
distillation. The residue was extracted with ether. The ether solution 
was extracted with 4 per cent sodium hydroxide, washed with water, dried 
over sodium sulfate, and the ether removed. The crude carbinol, after 
drying, was heated under a reflux for 1 hour with 150 ml. of glacial acetic 
acid; 25 ml. of acetic anhydride were added and heating was continued for 
another $ hour. The solution was cooled to 15° and 1.0 ml. of 70 per cent 
perchloric acid in 25 ml. of glacial acetic acid added.? After standing in 
an ice bath for 15 minutes, 5 ml. of water were added slowly to the chilled 
solution. The reaction mixture was then diluted with water and ether, 
neutralized with 10 per cent sodium carbonate, and extracted with ether. 
The ether was washed with water, dried over sodium sulfate, and the sol- 
vent removed. The residue crystallized from ethanol and 19.8 gm. of 
crude product melting at 127-133° were obtained. The second crop 
weighed 2.6 gm. and melted at 103-119°. The pure product, after re- 
crystallization from ethanol, formed platelets melting at 148-149°; 
[a]? = +21° (CHCI;). 
CyoHs:0,. Calculated, C 80.48, H 8.78; found (J. A.), C 80.42, H 8.88 


From the alkaline hydrolysate of the crude carbinol, 3.2 gm. (15 per cent) 
of unchanged 3(a) ,11(a)-dihydroxycholanic acid were isolated and purified 
as the methy! ester. 

3(a) ,11(a)-Dihydroxybisnorcholanyldiphenylethylene was obtained by 
alkaline hydrolysis of the diacetate. It crystallized in clusters of prisms 
from methanol, m.p. 177-179°; [a] = +35° (CHC\). 


CygHisO2. Calculated, C 84.32, H 9.44; found (Elek), C 84.41, H 9.50 





by John De Lucia (J. De L.), New York, and by Professor A. J. Haagen-Smit (H.-8.), 
California Institute of Technology. We wish to express our appreciation for this 


service. 
? Schwenk, E., and Whitman, B., personal communication. 
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$(a) ,11(a)-Dihydroxynorcholanic Acid—8.65 gm. of 3(a),11(a)-diace- 
toxybisnorcholanyldiphenylethylene were dissolved in 20 ml. of redistilled 
chloroform and 120 ml. of glacial acetic acid redistilled from CrO;. 53.5 
ml. of 3.26 n CrQ; in 75 per cent acetic acid were acidified with a solution 
of 6 ml. of 10 per cent sulfuric acid in 20 ml. of redistilled glacial acetic acid 
and added dropwise with stirring at 1-3° over a period of 30 minutes. The 
excess CrO; was reduced with aqueous sodium bisulfite, and the reaction 
mixture buffered with sodium acetate and distilled with steam until 3 liters 
of distillate were collected. The non-volatile residue was extracted with 
ether-ethyl acetate 1:1 and washed with dilute hydrochloric acid and with 
water. The solvent was removed, the residue was dissolved in 250 ml. of 
ethanol, 50 ml. of 4 N sodium hydroxide were added, and the solution was 
heated under a reflux for 15 minutes. 500 ml. of water were added and the 
alcohol was removed. The aqueous alkaline residue was diluted with 
water, extracted with ether, and the combined ethereal extracts were 
counter-extracted twice with 4 per cent sodium hydroxide. The alkaline 
extracts were combined, covered with ether-ethyl acetate 1:1, and acidified 
with hydrochloric acid. The aqueous acid phase was extracted with 
ether-ethyl acetate mixture, washed with water, and dried over sodium 
sulfate. The product crystallized during removal of the solvent, the 
crude product weighing 3.2 gm. and melting at 217-223°. The mother 
liquors yielded four more crops totaling 770 mg. The pure acid, after 
recrystallization from ethyl acetate as long prisms, melted at 226-227°; 
fal** = +17° (CHCI)). 


CyHys0,. Calculated, C 72.98, H 10.10; found (J. De L.), C 72.98, H 10.20 


For preparative purposes it is preferable to oxidize the crude oily 3(a),- 
11(a)-diacetoxybisnorcholanyldiphenylethylene directly without isolation 
of the intermediates. It was found advantageous to carry out the oxidation 
for from 3 to 5 hours at 0-3° and to isolate the product as before. Con- 
siderably better over-all yields were obtained in this way. 

Methyl 3(a) ,11(a)-dihydroxynorcholanate, prepared with diazomethane, 
crystallized from acetone-petroleum ether as large transparent prisms 
melting at 158.5-160°; [a] = +15° (CHCI,). 


CyHoO,. Calculated, C 73.47, H 10.28; found (J. A.), C 73.51, H 10.33 


3(a) ,11(a)-Diacetorynorcholanic acid can be isolated directly from 
the CrO; oxidation of 3(a) ,11(a)-diacetoxybisnorcholanyldiphenylethy- 
lene but the extraction from an organic solvent by aqueous base results in 
the formation of troublesome emulsions, since the sodium salt is very 
sparingly soluble in water. The compound is readily prepared by acety- 
lation of the dihydroxy acid with acetic anhydride and HClO,. The 
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pure acid crystallized from ethyl acetate-petroleum ether as slender prisms 
melting at 191—193°; [a | = +35° (CHCI;). 


Co7HyO,. Calculated, C 70.11, H 9.15; found (J. A.), C 69.79, H 8.92 





Methyl 3(a),11(a)-diacetorynorcholanate, prepared with diazomethane, 
crystallized in platelets and melted at 131-132°; [a]?? = 444° (CHCI,). 


CysHyO,. Calculated, C 70.55, H 9.31; found (J. A.), C 70.65, H 9.21 


3(a) ,11(a)-Dihydroxynorcholanyl Phenyl 24-Ketone—The neutral non- 
crystalline residues from the oxidation of several lots of crude 3,11-dia- 
cetoxybisnorcholanyldiphenylethylene obtained from the Grignard reaction 
directly without isolation of intermediates were combined, saponified, and 
separated into ketonic and non-ketonic fractions by means of the Girard 
Reagent T. The ketonic fraction on standing in ethyl acetate-petroleum 
ether mixture deposited a crystalline product melting at 177-191°. Re- 
crystallization from ethanol yielded clusters of tiny needles, m.p. 196- 
197.5°; [a] = +16° (CHCI,). 

CyoHy,0;3. Calculated, C 79.60, H 9.80; found (Elek), C 79.48, H 9.79 


3(a) ,11(a)-Diacelorynorcholanyl phenyl 24-ketone was prepared by acety- 
lation of the dihydroxy ketone with acetic anhydride and HCIO,. Re- 
crystallization from methanol and from ethanol yielded plates, mp. 
133-134°; [a] = +9° (CHCI,). 

CyHys05. Calculated, C 76.08, H 9.01; found (Elek), C 76.12, H 9.10 


3(a) ,11(a)-Diacetoxyternorcholanyldiphenylethylene—22.1 gm. (0.056 
mole) of methyl 3(a@),11(a)-dihydroxynorcholanate (m.p. 157-158°) were 
dissolved in 1000 ml. of hot anhydrous benzene and added to a solution 
of 27 mole equivalents (1.48 moles) of phenyl magnesium bromide, free of 
magnesium particles, in 600 ml. of ether and 500 ml. of benzene. The 
reaction was carried out and the product isolated in the same manner as 
with the bisnorcholanyldiphenylethylene. The product crystallized direct- 
ly from the acetic acid-acetic anhydride solution after addition of HClO. 
The precipitation was completed by slow addition of water and the crude 
product recrystallized from ethanol. 26.4 gm. were obtained. The pure 
compound crystallized in platelets from ethanol and melted at 205-206°; 
[a]? = +96° (CHCI,). 

CyHwO,. Calculated, C 80.37, H 8.65; found (Elek), C 80.57, H 8.65 


From the alkaline hydrolysate of the crude carbinol 700 mg. of unchanged 
3(a),11(a)-dihydroxynorcholanic acid were isolated and purified as the 


methy] ester. 
3(a) ,11(a)-Dihydroxylernorcholanyldiphenylethylene was obtained by 
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alkaline hydrolysis of the diacetate. It crystallized from ethyl acetate- 
petroleum ether in clusters of needles melting at 176.5-177°; [a]? = +138° 


(CHCls). 
CysHygO2. Calculated, C 84.29, H 9.30; found (Elek), C 84.33, H 9.45 


$(a) ,11(a)-Dihydroxybisnorcholanic Acid—27.97 gm. of 3(a),11(a)- 
diacetoxyternorcholanyldiphenylethylene were dissolved in 1750 ml. of 
glacial acetic acid redistilled from CrO3. 167 ml. of 3.46 nN CrQs in 75 
per cent acetic acid were acidified with a solution of 5.6 ml. of concentrated 
H,SO, in 50 ml. of redistilled glacial acetic acid and added dropwise with 
stirring at 25-30° over a period of 3 hours. Stirring was continued for an 
additional 4 hours. After chilling to 5°, the excess CrO; was reduced with 
aqueous sodium bisulfite. The reaction mixture was buffered with sodium 
acetate and distilled with steam until 9 liters of distillate were collected. 
The non-volatile fraction was extracted with ether and the ethereal solution, 
after being washed three times with dilute hydrochloric acid and with 
water, was evaporated to dryness. The oily residue was saponified with 
230 ml. of 4 N NaOH in 650 ml. of ethanol under a reflux for 1 hour. 500 
ml. of water were added and the alcohol distilled. The acid was isolated in 
the same manner as the nor acid, except that ether alone was used to ex- 
tract the crude acid. Upon removal of the solvent crystallization oc- 
curred. The crude product melted at 252-256° and 11.7 gm. were ob- 
tained. An additional 0.53 gm. of product was obtained from the mother 
liquors by conversion to the methyl ester and chromatographing on Al:Q3. 
The pure product after recrystallization from ethyl] acetate-petroleum ether 
and from ether formed small transparent prisms which melted at 231- 
233° and after cooling crystallized again and remelted at 254-257°. Rapid 
crystallization from hot concentrated solution in either ethyl acetate or 
acetone yielded irregular plates which melted at 258-260°. Both crystal 
forms had the same specific rotation, [a]? = —8° (ethanol). 


CxxH3,0,. Calculated, C 72.49, H 9.96; found (J. A.), C 72.48, H 9.93 


Methyl 3(a),11(a)-dihydrorybisnorcholanate, prepared with  diazo- 
methane, crystallized as platelets, m.p. 209-210°; [a]” = —9° (CHCI). 


CyH,s0,. Calculated, C 72.98, H 10.10; found (J. De L.), C 73.20, H 10.31 


8(a) ,11(a)-Diacetorybisnorcholanic Acid—This product is best prepared 
by acetylation of the dihydroxy acid in glacial acetic acid with acetic 
anhydride and perchloric acid, since like the nor acid it forms an insoluble 
sodium salt. The acetylation mixture was diluted with ether and water 
and washed with water to remove most of the acetic acid. The ethereal 
solution was extracted four times with 1.5 per cent sodium carbonate and 
twice with water. Each alkaline and water extract was introduced at once 
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into a hydrochloric acid-ice slurry covered with ether. The sodium salt jg 
very sparingly soluble in water and a minimum of 500 ml. of 1.5 per cent 
sodium carbonate per gm. of the diacetoxy acid must be used to extract this 
acid from organic solvents if emulsions and precipitation are to be avoided. 
The aqueous acid phase was extracted with ether and reextracted twice 
with the same solvent. The ether extracts were washed with water, dried 
over sodium sulfate, and the solvent removed. The pure acid crystal. 
lized from ethyl acetate-petroleum ether, from ethanol, and from acetone. 


petroleum ether as glittering platelets melting at 211-212.5°; [a]*> = —22,5° 
(CHCl). 


CogHyoOg. Calculated, C 69.60, H 8.99; found (J. A.), C 69.57, H 9.02 


Methyl 3(a),11(a)-diacetoxybisnorcholanate was prepared from the 
diacetoxy acid with diazomethane and crystallized from methanol as 
platelets melting at 136-138°; [a] = —16.2° (CHCI,). 


C27Hy:0,4. Calculated, C 70.11, H 9.15; found (J. De L.), C 69.94, H 9.05 


1 ,1-Diphenylmethyl-(3(a) ,11(a)-dihydroxyetiocholanyl)ethylene—22.5 gm. 
(0.06 mole) of methy] 3(a) ,11(a)-dihydroxybisnorcholanate were dissolved in 
1500 ml. of hot anhydrous benzene and added to a solution of 20 mole 
equivalents (1.2 moles) of phenyl magnesium bromide, free of metallic 
magnesium, in 450 ml. of ether and 500 ml. of benzene. The reaction 
mixture was heated under a reflux with stirring for 45 hours in an atmosphere 
of nitrogen, and the crude carbinol isolated as in the previous experiments. 
1.6 gm. (7 per cent) of unchanged 3(a) ,11(a)-dihydroxybisnorcholanic acid 
were recovered. Dehydration of the carbinol was effected by the con- 
tinuous distillation of a benzene solution with 600 mg. of iodine for 4 hours. 
52 per cent of the calculated amount of water was measured in the distillate. 
The benzene solution was diluted with ethyl] acetate, washed with sodium 
thiosulfate and with water, dried over sodium sulfate, and the solvents 
removed by distillation. The residue crystallized from ethyl acetate and 
14.54 gm. of crude product, melting at 229-231°, were obtained in the 
first crop. The mother liquors crystallized poorly but on chromato- 
graphing on Al,O;, an additional 3.87 gm. of crystalline product were ob- 
tained. Recrystallization from ethanol yielded slender prisms melting at 
234-235.5°; [a]*4 = +285° (CHC). 

CyHyO:. Calculated, C 84.25, H 9.17; found (J. A.), C 84.24, H 9.03 

1 ,1-Diphenylmethyl-(3(a) , 11 (a)-diaceloxyetiocholanyl)ethylene was pre- 
pared by acetylation of the dihydroxy compound with acetic anhydride 
and HClO, and crystallized from methanol, m.p. 186.5-187.5°; [aly = 
+ 206° (CHCI,). 

CasH4s0,. Calculated, C 80.24, H 8.51; found (J. A.), C 79.93, H 8.39 
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$(a) ,11(a)-Diacetory-20-kelopregnane—5.0 gm. of 1,1-diphenylmethy]l- 
(3(a) ,11(a)-diacetoxyetiocholanyl)ethylene were dissolved in 400 ml. of 
anhydrous methanol-ethyl acetate 1:1. The solution was chilled to —30° 
and 5 mole equivalents of ozone in a 6 per cent stream were passed through 
the solution. The solution was transferred to a chilled hydrogenation 
vessel and shaken in an atmosphere of hydrogen with 5.0 gm. of a 5 per cent 
palladium-calcium carbonate catalyst until the uptake of hydrogen ceased. 
This was.generally effected in 15 minutes. The catalyst was filtered, and 
the solvent was removed by distillation. The light yellow mass crystallized 
readily but it was found preferable to separate the product into ketonic and 
non-ketonic fractions by means of the Girard Reagent T. 3.8 gm. of 
ketonic material were obtained which was crystallized from ethyl acetate 
as prisms, m.p. 147-148.5°; [a]” = +74° (CHCI;). 2.79 gm. were ob- 
tained (76 per cent). 

CysH;,0;. Calculated, C 71.74, H 9.15; found (H.-S.), C 71.82, H 9.14 


8(a) ,11(a)-Dihydroxy-20-ketopregnane was prepared from the diacetate 
by hydrolysis at room temperature with 2 n NaOH in 75 per cent ethanol. 
The product was crystallized from ethyl acetate and ethyl acetate-petro- 
leum ether as platelets, m.p. 182.5-184°; [a]* = +96° (CHCI)). 


CuH,,0;. Calculated, C 75.40, H 10.25; found (J. A.), C 75.53, H 9.97 


8,11,20-Triketopregnane—175 mg. of 3(a),11(a)-dihydroxy-20-keto- 
pregnane were dissolved in 5.0 ml. of glacial acetic acid which had been re- 
distilled from CrOs, the solution was chilled until incipient crystallization, 
and 208 mg. of CrO; in 8.0 ml. of 75 per cent acetic acid were added. The 
mixture was stored at 4° for 16 hours and the excess CrO; was reduced with 
sodium bisulfite. The solution was poured into water and extracted 
thoroughly with ether. The ether solution was washed with dilute sulfuric 
acid, dilute sodium bicarbonate solution, and with water, dried over sodium 
sulfate, and the ether removed. The residue was crystallized from ether 
and from ethyl acetate-petroleum ether as long needles, m.p. 157.5-159°; 
lal’ = +121° (acetone). Hegner and Reichstein (9) report a melting 
point of 154-156° and [a] = +119.5° (acetone). 


CuH0;. Calculated, C 76.32, H 9.15; found (J. A.), C 76.20, H 9.16 


8(a) ,11(a)-Dihydroxy-20-keto-21-benzalpregnane—1.0 gm. of 3(a),11- 
(a)-dihydroxy-20-ketopregnane was dissolved in 15 ml. of absolute ethanol 
and chilled to —15°, care being taken to exclude moisture. 15 ml. of a3 
per cent sodium ethoxide solution chilled to 0° were added and the mixture 


* This solvent mixture was suggested to us by Dr. Kendall and Dr. Turner of the 
Mayo Foundation. It has proved highly satisfactory in various ozonolyses and we 
Wish to express our appreciation for the suggestion. 
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chilled to —15°. 1.0 ml. of cold (0°) freshly redistilled benzaldehyde was 
slowly added and the reaction mixture, immersed in an ice-salt bath, was 
allowed to warm to —3° in the course of 18 hours. The solution was poured 
into ice water and ether, and reextracted twice with ether. The ether 
solution was washed with water and, after drying with sodium sulfate, the 
ether was removed and the crude product crystallized as white needles re- 
taining some benzaldehyde. The product was recrystallized from ethy| 
acetate, yielding 1.05 gm. with a melting point of 215-217°. The pure 
product crystallized from benzene and from acetone as clumps of needles, 
m.p. 219-220°; [a]?4 = +107° (absolute ethanol); +86° (CHCI;). 


CzsH,0;. Calculated, C 79.57, H 9.06; found (H.-S.), C 79.98, H 8.96 


































3(a) ,11(a)-Diacetoxy-20-keto-21-benzalpregnane—250 mg. of 3(a),11(a)- 
dihydroxy-20-keto-21-benzalpregnane were acetylated by heating with 2.0 
ml. of acetic anhydride and 0.25 ml. of pyridine for 1 hour. The reaction 
mixture was poured into water and after standing for a short interval erys- 
tallized. It was recrystallized from ethyl acetate-petroleum ether aslong 
needles, m.p. 162-163°; [a]24 = +55° (absolute ethanol); +71° (CHC\,). 


CyHw0;. Calculated, C 75.85, H 8.35; found (H.-S.), C 75.86, H 8.52 


3(a) ,11(a)-Dihydroxyetiocholanic Acid—0.97 gm. of 3(a),11(a)- 
diacetoxy-20-keto-21-benzalpregnane (1.92 millimoles, m.p. 162-163°) was 
dissolved in 400 ml. of anhydrous methanol-ethy] acetate 1:1, the solution 
was chilled to —45°, and 8 mole equivalents of ozone were passed through 
the solution in a 6 per cent stream. The solution was transferred to a 
chilled hydrogenation vessel and shaken in an atmosphere of hydrogen with 
5.0 gm. of a 5 per cent palladium-calcium carbonate catalyst until the up- 
take of hydrogen had ceased. The catalyst was filtered and the solvent 
removed by distillation under diminished pressure. The yellowish gummy 
residue was dissolved in 45 ml. of redistilled ethanol, 9.6 ml. of 2 N periodic 
acid were added, and the solution stored at room temperature for 40 hours. 
The reaction mixture was diluted with water and the alcohol removed by 
distillation. The residue was extracted with ether, and the ethereal solu- 
tion washed with dilute brine and then three times with 1 Nn sodium hy- 
droxide solution. The alkaline solution was heated on the steam bath for 
1 hour and acidified with dilute hydrochloric acid and extracted thoroughly 
with ether. The ether extracts were combined, washed with dilute brine, 
and dried over sodium sulfate. After removal of the solvent the residue 
was crystallized from benzene and from dilute ethanol as long needles and 
from ethyl acetate as clusters of soft needles, m.p. 250-251°; [a]2* = +60° 
(95 per cent ethanol). The compound holds solvent tenaciously and in- 
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yariably gave low carbon values despite exhaustive drying. 485 mg. were 
obtained (75 per cent). 
CooH3,0,. Calculated, C 71.39, H 9.59; found (Elek), C 70.76, H 9.53 


Methyl 3(a) ,11(«)-dihydroxyetiocholanate was prepared from the acid 
with diazomethane. It crystallized from ethyl acetate-petroleum ether 
mixtures as clusters of tiny needles, m.p. 159-160°; [a]% = +55.6° (CHCI,). 


CnH3,0,. Calculated, C 71.96, H 9.78; found (J. A.), C 71.99, H 9.57 


Methyl 3(a) ,11(a)-diacetoxyetiocholanate was prepared from the methyl 
ester by acetylation with acetic anhydride, perchloric acid being used as 
catalyst. Crystallized from ethyl acetate-petroleum ether it formed 
needles, m.p. 169.5-171°; [a]? = +46.3° (CHCI,). 


CxsH;s04. Calculated, C 69.10, H 8.81; found (H.-S.), C 69.24, H 9.09 


DISCUSSION 


In a series of reactions involving eighteen steps it is not expected that 
the over-all yield will be high, although the yield in the individual opera- 
tions may be satisfactory. In the present investigation only one yield 
lower than 70 per cent of calculated was encountered. This was the con- 
version of the bisnor ester to the 1 , 1-diphenylmethy]-(3(a) , 11(a)-dihydroxy- 
etiocholanyl)ethylene, when 64 per cent was obtained. Nevertheless the 
over-all yield, if saponifications and esterifications are disregarded, was only 
slightly in excess of 9 per cent and even this figure could not be achieved 
without resort to chromatographic purification. Although these figures 
are higher than the majority of results recorded in the literature, it is ob- 
vious that a more efficient procedure is highly desirable and that the present 
methods were justifiable only on the ground that they were the only ones 
available. The recent experiments of Meystre, Frey, Wettstein, and 
Miescher (10) and of Meystre, Ehmann, Neher, and Miescher (11) indicate 
that a great improvement in yield to the stage of the 20-ketopregnane deriv- 
ative can be achieved with desoxycholic acid over the methyletiocholanyl- 
1,1-diphenylbutadiene derivative and further reports on the extension of 
this procedure will be of great interest. 

Meystre et al. (10) have recorded the absorption spectrum of 3,12-dia- 
cetoxybisnorcholanyldiphenylethylene. Fig. 1 offers a comparison of the 
ultraviolet absorption curves for the three diphenylethylenes described in 
this report. It is interesting to note the very marked decrease in intensity 
of the absorption for the diphenylmethyletiocholanylethylene (Curve 3) as 
contrasted with either the ternor- or bisnordiphenylethylenes (Curves 1 and 
2). Together with this diminution there is a definite shift of the absorption 
maximum toward shorter wave-length. These changes in intensity and 
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wave-length of the maximum are very probably explained by steric effects, 
since the presence of both the methyl and etiocholanyl groups on the di- 
phenylethylene chromophore would markedly increase the strain in the 
coplanar configuration and thereby inhibit the resonance of the compound, 
This effect has been recently discussed by Remington (12), Jones (13), 
Rodebush and coworkers (14, 15), and by other authors cited in these pub- 
lications. Our results are in accord with their generalizations. 
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Fic. 1. Absorption spectra of steroid diphenylethylenes. Curve 1, 3(a), 11(a)- 
diacetoxybisnorcholanyldiphenylethylene, ¢2s00 = 17,200; Curve 2, 3(a), 11(a)-diac- 
etoxyternorcholanyldiphenylethylene, e500 = 17,200; Curve 3, 1,1-diphenylmethyl- 
(3(@), 11(a)-diacetoxyetiocholany])ethylene, exs0 = 11,800. The solvent was 95 per 
cent ethanol. 


The 3(a) , 11(a)-dihydroxynorcholanyl pheny] 24-ketone isolated in these 
experiments from the Grignard addition to an ester is similar to the series 
of products prepared by Hoehn and Moffett (16) by interaction of diphenyl 
cadmium with the acid chlorides of bile acids. It does not constitute any 
considerable portion of the reaction product isolated after dehydration and 
oxidation. Since the mechanism of reaction between esters and the Grig- 
nard reagent is not certain (17), it cannot be decided whether the ketone is a 
direct intermediate in the formation of the carbinol or is formed by 
secondary processes. It is perhaps of significance that the Grignard addi- 
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tion to the 3(a) , 11(a)-dihydroxycholanic acid is a relatively sluggish reac 
tion characterized by the formation of considerable insoluble material. 
This in part accounts for the comparatively low yield in the first step of the 

tion and the insolubility of the intermediate may explain theforma- 
tion of the ketone in the amount isolated. The absorption spectrum of 
3(a) ,11(a)-diacetoxynorcholany] pheny] 24-ketone is shown in Fig. 2 to- 
gether with the analogous compound derived from cholanic acid.‘ 
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Fic. 2. Absorption spectrum of 3(a), 11(a)-diacetoxynorcholanyl phenyl] 24-ke- 
tone, €x25 = 12,500; ¢2800 = 980. The spectrum of norcholany] phenyl] 24-ketone is 
identical, ¢2425 = 12,800; ¢2s00 = 1030. The solvent was 95 per cent ethanol. 


The oxidation of a diphenylethylene of the type 
o 
R—CH,—C=C 


° 





‘This sample was furnished us by Dr. Willard Hoehn. We wish to express our 
thanks for this cooperation. 
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could yield R—COOH if, as should be possible, the carbon atom a to the 
ethylene were oxidized to a ketone group before fission of the ethylenic 
bond. After carefully examining the mother liquors from several lots of 
3(a) ,11(@)-dihydroxynorcholanic acid, we were able to isolate a small quan. 
tity of the corresponding bisnor acid. A few attempts were made to in- 
crease the yield of the bisnor acid by modifying the oxidation of the di. 
phenylethylene but we were unable to obtain any appreciable yield of 
the Cy» acid. However, this reaction may account in part at least for the 
sometimes disappointing yields in the oxidation of the diphenylethylenes 
with chromic acid. 
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Fic. 3. Absorption spectrum of 3(a),11(a)-diacetoxy-20-keto-21-benzalpregnane, 
€2,0 = 24,000. The solvent was 95 per cent ethanol. 


The absorption spectrum of 3(a) , 11(a)-diacetoxy-20-keto-21-benzalpreg- 
nane is given in Fig. 3. The spectrum of this substance and related deriv- 
atives, especially the 3,12-diacetoxy compound, furnishes a convenient 
method for determining the homogeneity of the product. The ketone 
group is quite reactive and readily forms enol acetates. When a difficultly 
acetylatable hydroxyl group is present, for example the case of the 12(a)- 
hydroxyl group of desoxycholic acid, the relatively vigorous conditions 
necessary to effect acetylation lead to the simultaneous formation of vari- 
able amounts of enol acetate. The latter is readily detected by the higher 
absorption miximum and distinct shift toward the longer wave-length. 
The acetylation can be more readily achieved by the excellent perchloric 
acid-catalyzed reaction of Schwenk and Whitman? but here also it is neces- 
sary to conduct the reaction between —10° and 0° for a relatively short 
time. More prolonged treatment, especially at room temperature, yields 
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up to 20 to 30 per cent enol acetate. With the more readily esterified 11(a)- 
hydroxyl group of the compound described in this report no difficulty is 
encountered with the formation of enol acetates as an undesirable sice 


product. 
SUMMARY 


The degradation of the side chain of 3(a),11(a)-dihydroxycholanic 
acid to 3(a),11(a@)-dihydroxyetiocholanic acid has been described. All 
the intermediate compounds have been isolated and characterized and the 
ultraviolet absorption spectra of five of these have been presented. 
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PARTIAL SYNTHESIS OF COMPOUNDS RELATED TO ADRENAL 
CORTICAL HORMONES 


X. PREPARATION OF 3(a),11(a)-DIHYDROXYETIOCHOLANIC ACID 
FROM ETIODESOXYCHOLIC ACID* 


By T. F. GALLAGHER 
(From the Department of Biochemistry, University of Chicago, Chicago) 


(Received for publication, May 23, 1946) 


For the partial synthesis of adrenal cortical hormones and related sub- 
stances it was desirable to prepare derivatives of etiocholanic acid with hy- 
droxyl groups at positions 3 and 11 of the steroid nucleus. This can be 
effected by the stepwise degradation of 3(a) ,11(a)-dihydroxycholanic acid 
(1) or by the introduction of the 11-hydroxyl group directly into the etio 
acid. Under the latter circumstance the considerable losses incurred in 
the removal of the side chain are sustained at the expense of the commer- 
cially available desoxycholic acid. Since, however, etiodesoxycholic acid 
was unavailable at the time the investigations reported in the previous 
paper were carried out, and since the difficulties involved in degrading 
3,11-dihydroxycholanic acid were not anticipated to be greater than those 
encountered with desoxycholic acid, the stepwise degradation of the 3, 11- 
dihydroxy acid was accomplished before the alternative procedure was 
attempted. Through the assistance of Ciba Pharmaceutical Products, 
Inc., George A. Breon and Company, and Charles E. Frosst and Company, 
generous gifts of etiodesoxycholic acid have made the approach from this 
compound feasible. It is a pleasure to acknowledge their assistance. 

It was found that bromination a to the 12-keto group in the etio acid as 
well as hydrolysis of the bromo keto ester was much more readily effected 
than with the corresponding derivatives of cholanic acid. While bromina- 
tion of methyl 3(a)-acetoxy-12-ketocholanate at room temperature is a slow 
reaction requiring days even in the presence of HBr, the bromination of 
the corresponding etio ester was complete in about 1 to 2 hours with small 
concentrations of HBr as catalyst. This effect can be explained on the 
basis of steric hindrance exerted by the side chain of the cholanic acid, since 
to all practical purposes halogen can add to the enol of the 12-keto ester 
from but one direction (2). An alternative explanation is that in the etio 
acid the ketone group at C-12 enolizes more readily by virtue of the ac- 


* Part of the work described in this paper was done under a contract, recommended 
by the Committee on Medical Research, between the Office of Scientific Research and 
Development and the University of Chicago. The expenses of part of the work were 
defrayed by a grant from Memorial Hospital, for which we wish to express our thanks. 


211 








212 ADRENAL CORTICAL HORMONES. X 


tivating influence of the carboxy! group in the y position at C-17. Probably 
both mechanisms operate in the bromination reaction. Unfortunately the 
bromo keto esters were not obtained in crystalline state and it is therefore 
impossible to compare the yield of the two bromo compounds isomeric at 
C-11 with the respective products from the bromination of the 12-keto- 
cholanic acid derivatives, where the 11(a)-bromo ester is practically the 
sole product of the reaction. 

The etio acid and the cholanic acid also differ in the rate of alkaline hy- 
drolysis of the 11-bromo-12-keto esters. The more readily hydrolyzed 
methy] 3(a)-acetoxy-11(8)-bromo-12-ketocholanate requires about 3 hours 
with 0.5 N base at room temperature for hydrolysis of the halogen (2), while 
the hydrolysis of the 11(a)-bromo epimer requires a considerably longer 


time. On the other hand the hydrolysis of halogen from the 11-bromo-12- 


ketoetiocholanate is complete with 0.2 N base in less than 20 minutes at 
room temperature. This striking difference is more readily explained by 
the influence of the adjacent carboxyl group at C-17 on the substituents in 
Ring C than by purely steric considerations. Additional evidence for the 
markedly increased activation of the Ring C carbony] group is afforded by 
the ease with which rearrangement of the 11-hydroxy-12-keto ketol strue- 
ture takes place in the etio acid compared with the cholanic acid. With 2 
N NaOH at room temperature for 62 hours the etiocholanic acid derivative 
rearranges completely from the 11-hydroxy-12-keto structure to the iso- 
meric 11-keto-12-hydroxy compound. With the corresponding cholanic 
acid compound the rearrangement of the ketol structure does not take place 
to any considerable extent except at elevated temperatures. It appears 
therefore that the tendency of the ketol structure in Ring C to assume the 
more stable 11-keto-12-hydroxy configuration is a dominant feature of the 
etio acid derivatives. The failure of 3(a@) ,12(a)-dihydroxy-11-ketoetio- 
cholanic acid to form an oxime and to undergo Wolff-Kishner reduction, at 
least in part, to 3(@) ,11(a)-dihydroxyetiocholanic acid is similar to that of 
the corresponding cholanic acid derivative (3,4). On the other hand the 
3, 11-dihydroxy-12-ketocholanic and etiocholanic acids form ketonic deriv- 
atives and yield 3(a) ,11(a)-dihydroxy acids upon Wolff-Kishner reduction, 
as has been shown for the cholanic acid derivatives (2, 5) and for the etio 
acid in this report. 

Riegel and Moffett (6) have described a compound which, in agreement 
with the older literature, they designated 3,11-dihydroxy-12-ketoetio- 
cholanic acid. Their product unquestionably was 3 , 12-dihydroxy-11-keto- 
etiocholanic acid, since it had been subjected to hydrolysis with base at 
elevated temperature. Only one of their fractions, m.p. 242-250°, had a 
specific rotation (+87° in ethanol) as high as that recorded here (+88° in 
acetic acid) for what is believed to be the same compound which melted at 
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975-277°. The discrepancy can hardly be due to incompleteness of iso- 
merization and may perhaps be due to solvation of the crystals. It is 
apparent from their results as well as ours that the melting point of this 
compound is not a satisfactory criterion of purity. The product can, how- 
ever, be satisfactorily purified over the methyl ester diacetate. 


EXPERIMENTAL! 


Methyl 3(a)-Acetory-12-ketoetiocholanate—3(a)-Hydroxy-12-ketoetiocho- 
lanic acid was prepared by the method of Schwenk, Riegel, Moffett, and 
Stahl (7), esterified with diazomethane, and acetylated with acetic anhy- 
dride and HC1O,.2 Crystallization from ethyl acetate yielded flat plates, 
m.p. 157-158°; [a]s° = +152° (CHC). 

CuHy,0;. Calculated, C 70.74, H 8.78; found (H.-S.), C 70.59, H 8.99 


$(a) ,12-Dihydroxy-11-ketoetiocholanic Acid—3.26 gm. of methyl 3(a)- 
acetoxy-12-ketoetiocholanate were dissolved in 20 ml. of glacial acetic acid 
and 8.25 ml. of 2.24 N Br, in glacial acetic acid added. A small amount of 
dry HBr in acetic acid was added and the solution stored in the dark for 18 
hours. The substitution was complete at the end of 2 hours. The solu- 
tion was poured into ether, washed thoroughly with water, and the ether 
removed under diminished pressure at a bath temperature not exceeding 
40°. The residue was dissolved in 35 ml. of ethanol and 35 ml. of 4.2 Nn 
NaOH added. After standing at room temperature for 62 hours, the solu- 
tion was added dropwise with vigorous stirring to an excess of dilute H:SO, 
at 33°. The precipitate was completely crystalline. Recrystallization 
from ethanol yielded 1.4 gm. of prisms which softened slightly at 256° and 
melted at 281°. The mother liquors upon concentration yielded 800 mg. 
of stout prisms which melted at 277° with some preliminary softening. 
Both products had identical optical rotations. The melting point of this 
compound varies considerably with the rate of heating and with the size of 
the crystalline aggregates. The purest product melted at 275-277° with 
rapid heating and foamed at 279-281°; [a] = +88° (acetic acid). 


CoH yoOs. Calculated, C 68.54, H 8.63; found (H.-S.), C 68.64, H 8.76 


110 mg. of the product were heated under a reflux for 2 hours in 5.0ml. 
of 4N aqueous NaOH. The acid recovered from this treatment was identi- 


‘ All melting points are corrected. The microanalyses were performed by Profes- 
sor A. J. Haagen-Smit (H.-S.), California Institute of Technology, by Dr. T. S. Ma 
(T.8. M.), Department of Chemistry, University of Chicago, and by Joseph Alicino 
(J. A.), The Squibb Institute for Medical Research, New Brunswick, New Jersey. I 
wish to express my appreciation for this service. 

* Schwenk, E., and Whitman, B., personal communication. 
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cal in melting point and specific rotation with the starting product and 
yielded the same methyl ester diacetate (melting point of pure compounds 
and of mixtures). 

The free acid failed to form an oxime when heated with hydroxylamine 
acetate in ethanol for 3 hours. 

Methyl 3(a) ,12-dihydroxy-11-ketoetiocholanate was prepared with diago- 
methane. The product was recrystallized from dilute methanol and from 
acetone-petroleum ether as prisms, m.p. 137.5-139°; [a]> = +88° (CHC). 


CnH;:0;. Calculated, C 69.20, H 8.85; found (J. A.), C 69.11, H 8.96 


Methyl 3(a) ,12-diacetoxy-11-ketoetiocholanate was prepared from the 
methyl ester by esterification with acetic anhydride and HC10,. It was 
recrystallized from petroleum ether as needles, m.p. 134.5-135.5°; [a]* = 
+81° (CHC). 


CysH;,07. Calculated, C 66.94, H 8.09; found (11.-8.), C 67.20, H 8.26 


“Wolff-Kishner Reduction” of 3(a),12-Dihydroxry-11-ketoetiocholanic 
Acid—1.1 gm. of the acid with 3.0 ml. of 100 per cent hydrazine hydrate in 10 
ml. of absolute ethanol were heated under a reflux for 3 hours and the solution 
transferred to a bomb tube with 60 ml. of sodium ethylate prepared from 3 
gm. of sodium. The bomb was sealed and heated for 5 hours from 190- 
210°. The contents were removed, acidified, and extracted with ether. 
The ether solution yielded as the principal product (588 mg.) a compound 
melting at 250-253°. The remainder of the product was an oil which was 
not further investigated. The crystalline fraction after recrystallization 
from acetone-petroleum ether mixture and from acetone melted at 254- 
260°; [a]> = +54° (acetone). 


CyoH3,0;. Calculated, C 68.15, H 9.15; found (T. 8. M.), C 68.75, H 9.42 


The methyl ester, prepared with diazomethane, melted at 172-175°. 

The ester was acetylated with acetic anhydride and HCIO,y. The methyl! 
triacetoxy ester obtained upon crystallization from petroleum ether melted 
at 196-199° after softening at about 159°; [a]?! = +76° (CHCls). It gave 
no depression of the melting point when admixed with the methyl 3(a),11,- 
12-triacetoxyetiocholanate described later in this report. It seems probable 
that both this product and that subsequently described are mixtures of 
epimeric triacetates in which the 11-hydroxy] group is a, since the product 
can be completely acetylated. This conclusion should be regarded as ten- 
tative, since the influences of the hydroxyl group at C-12 and the carboxyl 
group at C-17 have not been investigated thoroughly enough to base con- 
figurational designation upon the ease of acetylation in the etio acids. 

Methyl 3(a«),11(a ?)-Diacetory-12-ketoetiocholanate—Preliminary experi- 
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ments had shown that bromination of methyl 3(a)-acetoxy-12-ketoetio- 
cholanate yielded amorphous products even after reesterification and chro- 
matographic separation. One experiment yielded a crystalline product, 
m.p. 135-136°, but the amount obtained was too small for further charac- 


terization. 


The bromination product, obtained from 2.8 gm. of methyl 


3(a)-acetoxy-12-ketoetiocholanate by the method previously described, was 
esterified with diazomethane and acetylated with acetic anhydride and 
HClO,. The product was dissolved in 200 ml. of redistilled ethanol, 45 
ml. of 1.04 n NaOH were added, and the volume of the solution made to 
950 ml. with ethanol. Samples were removed at intervals, acidified with 
HNOs, an excess of standard AgNO; added, and the solution titrated with 
NHSCN, with Fe2(SO,)3 as indicator. The halogen was completely ionic 
after 20 minutes at room temperature (23°). The remainder of the solution 
was acidified with dilute HNOs, extracted with ether, washed with water, 
and the solvent removed at room temperature. The residue was esterified 
with diazomethane and acetylated with acetic anhydride and HCI10,. 
The product was crudely separated on 35 gm. of Al,O; into two principal 


fractions by 
ml. of ether. 


elution with 500 ml. of petroleum ether-benzene (4:1) and 500 
These solvents respectively removed 1.9 gm. of an amorphous 


gum and 811 mg. of crystalline product. An additional 200 mg. eluted with 
ethyl acetate were discarded. The crystalline eluate was recrystallized 
from petroleum ether with a small amount of acetone and long needles 
melting at 173.5-174.5° were obtained; [a]? = +173° (CHCI,). 


CyH;,07. Calculated, C 66.94, H 8.09; found (H.-S.), C 67.07, H 8.31 


Methyl 3(a) ,11(a)-Diacetoxyetiocholanale—610 mg. of methyl 3(a),11- 
(a ?)-diacetoxy-12-ketoetiocholanate were dissolved in 5.0 ml. of absolute 
ethanol, 2.0 ml. of 100 per cent hydrazine hydrate added, and the solution 
stored overnight at room temperature. After transferring to a bomb tube 


with 100 ml. 


of sodium ethylate prepared from 10 gm. of sodium, the bomb 


was sealed and heated at 190-200° for 2 hours. The contents were acidified, 
extracted with ether, and the acid fraction esterified with diazomethane and 
acetylated with acetic anhydride and HClO,. The product was freed of a 
small amount of colored impurity with Al,O; and the residue weighed 410 
mg. Crystallization yielded 45 mg. melting at 165—-167°, which gave no de- 
pression upon admixture with an authentic specimen of methyl 3(a) , 11(a)- 
diacetoxyetiocholanate (m.p. 169°). From the mother liquors upon chro- 
matographing an additional 40 mg. of authentic methyl 3(a) ,11(a)-dia- 
cetoxyetiocholanate were obtained. No other crystalline product was 


isolated. 


The amorphous product of hydrolysis of the bromo keto ester (1.9 gm.) 
was subjected to Wolff-Kishner reduction in the same manner previously 
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described and the product was esterified and acetylated as before. By 
chromatographing on Al,O3, 150 mg. of pure methyl] 3(a) , 11(c)-diacetoxy. 
etiocholanate were obtained together with considerable material which ap. 
peated to be mixed crystals of this substance and the methy] ester triacetate 
described in the following section. 

Methyl 3(a«) ,11,12-Triacetoxyetiocholanate—Several crystalline fractions 
which showed similar melting behavior (beginning of melting observed at 
165-173° but a clear melt obtained at about 193°) were combined and recrys- 
tallized from petroleum ether. Several crystallizations yielded a product 
which softened at 175° and gave a clear melt at 193-197°; [a]” = +75 
(CHC). 


CerHwOs. Calculated, C 65.83, H 8.19; found (H.-S.), C 65.55, H 8.41 


It is probable that this fraction was a mixture of stereoisomeric trihydroxy 
esters. 
SUMMARY 


1. 3(a@),11(a)-Dihydroxyetiocholanic acid has been prepared from etio- 
desoxycholic acid by a procedure similar to that previously found success- 
ful with desoxycholie acid. 

2. Methyl 3(a)-acetoxy-12-ketoetiocholanate brominates more readily at 
C-11 than the corresponding derivative of cholanic acid. 

3. The halogen of methyl 3(a)-acetoxy-11-bromo-12-ketoetiocholanate 
is rapidly hydrolyzed with dilute base at room temperature and the product 
upon Wolff-Kishner reduction is converted to a mixture from which methyl 
3(a) ,11(a)-diacetoxyetiocholanate and methyl 3(a) , 11, 12-triacetoxyetio- 
cholanate have been isolated. 

4. 3(a) ,11-Dihydroxy-12-ketoetiocholanic acid is converted to 3(a),12- 
dihydroxy-11-ketoetiocholanic acid upon standing in 2 N base at room tem- 
perature. 

5. 3(a) ,12-Dihydroxy-11-ketoetiocholanic acid, like the corresponding 
cholanic acid derivative, does not form an oxime and upon “ Wolff-Kishner 
reduction” yields a mixture in which 3,11, 12-trihydroxyetiocholanie acids 
predominate. 
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THE RELATION OF THE THYROXINE CONTENT OF THE 
THYROID GLAND AND OF THE LEVEL OF PROTEIN- 
BOUND IODINE OF PLASMA TO IODINE INTAKE* 


By ALVIN TAUROG anv I. L. CHAIKOFF 
(From the Division of Physiology, University of California Medical School, Berkeley) 


(Received for publication, May 6, 1946) 


The factors that influence the storage of thyroxine in the thyroid gland 
have been under investigation in this laboratory (1). In the present 
study, measurements were made of the amounts of thyroxine and total 
iodine contained in the gland and of total and protein-bound iodine in 
plasma of rats whose daily iodine intakes were varied from 1 to 2 y to as 
much as 480 y. The levels of protein-bound iodine of plasma were found 
to be related to the thyroxine content of the gland and both, in turn, were 
dependent upon iodine intake. 


EXPERIMENTAL 


70 male rats weighing from 190 and 268 gm. were selected for this 
experiment. They had been maintained on a diet (No. 1) of 68.5 per cent 
wheat, 5 per cent casein, 10 per cent fish meal, 10 per cent alfalfa, 1.5 per 
cent sodium chloride, and 5 per cent sardilene, a fish oil that contained 400 
A. 0. A. C. chick units of vitamin D and 3000 U. S. P. units of vitamin 
A per gm. 

The rats were divided into seven groups, A to G. All except Group B 
were placed on a diet (No. 2) that had the following composition: 67.5 
per cent whole wheat, 15 per cent casein, 10 per cent whole milk powder, 
| per cent NaCl, 1.5 per cent chalk, 5 per cent hydrogenated vegetable oil, 
and 50 ec. of sardilene per 8 kilos of diet. 

Group A received Diet 2, which contained approximately 0.1 y of iodine 
per gm. of diet. Groups C, D, E, F, and G were fed Diet 2 fortified with 
KI to contain respectively 1, 5, 10, 20, and 30 y of iodine per gm. of diet. 
Group B continued to receive Diet 1, which contained 0.3 y of iodine per 
gm. of diet. The diets fed to Groups C, D, E, F, and G were mixed with 
the required quantity of KI in a ball mill to insure thorough mixing. 

Each diet was fed for 22 to 24 days. Iodine-free distilled water was 
provided for drinking purposes. In order to permit the measurement of 
daily food intake, each rat (except those of Group B) was kept separately 
in a metabolism cage. 


E * Aided by grants from the Committee for Research in Endocrinology of the 
National Research Council and the Commonwealth Fund. 
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The rats were fasted for 24 hours before removal of blood and excision 
of the thyroid gland for iodine analyses. The plasma of two rats was 
pooled in order to provide enough material for both total and protein. 
bound iodine determinations on the same plasma sample. In some cases, 
the thyroids of the same two rats were also pooled before analysis. 

The methods used for determining plasma iodine and the thyroxine 
content of the gland have been reported elsewhere (2). 


Resulis 


Thyroid Iodine—The effects of increasing iodine intake on the iodine 
content of the thyroid gland are shown in Table I and Fig. 1. 


TABLE I 


Effect of Iodine Intake on Iodine Content of Plasma and Thyroid (Summary Table of 
Means and Standard Errors) 



























































; ' Iodine Da ily Weight of rats | Weight Plasma iodine* Thyroid iodine 
roup |... as ee eee a | 

Metin ao | | * Kemal Total | Found | Total | Ty. 

. | mg. per | me. 
| om | 7 em. | om | me. | cent | “come | Cente cn 
A 8 | 0.1) 1-2| 207 | 284 | 2.9) 3.3 3.1 21.5| 5.9 
| (Ap- 43.7/12.2 41.7 | 40.22} 40.10} 42.8 | 40.9 

| proxi- 
mate- | 
ly) | 

B 8 | 0.3) 346 | 252 20.0 | 3.4 | 3.4 | 30.7 | 95 
+6.2} +1.2 | 40.07 | 40.10 | 42.4 | 40.8 
C | 4 |] 1.0| 15 | 214 | 276 | 200) 5.6 | 4.4 | 106 | 347 
| 40.6 | 44.6 48.0) +1.1 | 40.27 | 40.13 | 46.1 | 41.7 
D | 14 | 5.0] 78 {214 | 2890 | 21.4) 88 | 5.0 | 134 | 444 
| +2.7 | 43.6) 46.9) 1.0 | 40.32} 40.14] +44.9| 41.9 
E | 14 |10 | 145 | 222 | 270 | 21.0] 13.5 | 5.2 | 138 | 43.0 
| | 47.2 | 45.2) 49.2) 41.1 | +0.88 | £0.20 | +2.9| £18 
F 6 {20 | 310 | 251 | 308 | 25.7) 21.9 | 5.1 | 126 | 41.0 
| } +18 | £5.7) £9.1) £1.2 | £0.74 | 40.23 | 48.7 | 42.7 
G | 6 |30 | 440 | 255 | 299 | 27.1) 33.6 | | 131 | 36.5 
| 1.0 | 5.2) 26.4) 41.3 | +2.5 | | 19.8 | +3.5 








* Plasma from two rats was pooled to provide sufficient plasma for the determina- 
tion of both total and protein-bound iodine on the same plasma sample. 


The thyroids of rats that had been maintained on a daily iodine intake 
of 1 to 2 y (Group A) were normal in histological appearance and con- 
tained from 4.2 to 8.4 mg. per cent of thyroxine iodine (average 5.9) and 
from 16 to 29 mg. per cent of total iodine (average 21.5). 
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Fic. 1. The relation between iodine intake and total and thyroxine iodine in the 
thyroid gland. 
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When the daily iodine intake was increased to 3 to 6 y (Group B) the 
gland contained 8.3 to 11 mg. per cent of thyroxine iodine (average 9,5) 
and 27 to 32 mg. per cent of total iodine (average 30.7). 

When Diet 2 was supplemented with potassium iodide to provide 
mean daily iodine intake of 15 y and fed to a similar group of rats (Group | 
C), the thyroxine iodine content of the rat thyroids was 28 to 43 mg. per 
cent (average 34.7) and the total iodine content was 93 to 134 mg. per 
cent (average 106). 

Increasing the mean daily iodine intake to 78 y (Group D) resulted in 
a further increase in the thyroxine and total iodine content of the thyroid 
gland to 37 to 58 mg. per cent (average 44.4) and 115 to 163 mg. per cent 
(average 134) respectively. Statistical analysis (¢ values) revealed that 
the mean values for thyroxine and total iodine in this group are significantly 
higher than those in Group C. 

Fig. 1 shows that an increase in the mean daily iodine intake beyond 78 7 
produced no further increase in thyroid iodine. In fact, the data suggest 
an actual decrease in thyroxine iodine at higher iodine intakes. 

Plasma Iodine—The effects of the ingestion of increasing amounts of 
iodine upon the levels of total and protein-bound iodine of plasma are 
shown in Table I and Fig. 2. In the latter the mean values for total and 
| protein-bound iodine for the various groups have been plotted against the 

mean iodine intake. The results show that, as the mean iodine intake was 
| increased from 1 to 2 to 78 y per day, protein-bound iodine of plasma rose 
| from 3.1 + 0.10 to 5.0 + 0.14 y per 100 cc. A further increase in iodine 
intake failed to produce a significant rise in the level of this plasma con- 
stituent. The postabsorptive values for total iodine, however, increased 
almost linearly with iodine intake (r = 0.96 + 0.013). 
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DISCUSSION | » 

Remington and Remington maintained several groups of rats on the 
same basal diet supplemented with iodide to provide daily iodine intakes 
ranging from 3 to 120 y (3). They found no consistent increase in the | 
iodine content of the thyroids as the iodine intake was increased. Cole 
and Curtis reported that rats with an average daily iodine intake of 3 7 
per day had the same thyroid iodine content as those with an average 
intake of 50 y per day (4). Under the experimental conditions provided 
here, the level of iodine intake did influence thyroxine storage in the gland. 
The mean total iodine and thyroxine iodine contents of the thyroids of 
rats ingesting 3 to 6 y of iodine per day were 30.7 + 2.4 and 9.5 + 0.58 
mg. per cent respectively. These glands were found to be normal 4s 
regards both size and histological appearance. When the mean daily 
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contents rose to 134 + 4.9 and 44.4 + 1.9 mg. per cent respectively. 
The latter values represent the capacity of rat thyroids for the storage of 
jodine under the present experimental conditions. 

The significance of the value representing the upper limit of the iodine- 
concentrating capacity of rat thyroid is shown by comparing it with the 
yalue obtained for plasma iodine. The plasma of rats of Group E (Table 
]), which ingested daily an average of 145 y of iodine, contained an average 
of 13.5 y per cent of total iodine. Thus under the conditions that promoted 
maximal storage, the iodine concentration in thyroid tissue was 10,000 
times greater than in plasma. 





- 
| 


~ 


re) 


@ 


o> 


> 





tad 


| } | ‘. L | - iH | 











a? 


8 12 16 20 24 26 32 36 40 
MICROGRAMS TOTAL IODINE IN WHOLE GLAND 


Fig. 3. The relation of thyroxine iodine to total iodine in thyroid glands of rats 
that received varying amounts of iodine. 


MICROGRAMS THYROXINE IODINE IN WHOLE GLAND 


Of particular interest is the finding that in the gland the fraction of 
total iodine present as thyroxine remained relatively constant in rats 
whose daily iodine intake varied from 1 to2 to 440 y. This is demonstrated 
in Fig. 3, in which thyroxine iodine is plotted against total iodine. The 
mean value for the percentage of total iodine present as thyroxine was 31, 
with a standard error of +0.5k. 

Inspection of Figs. 1 and 2 reveals a rough parallelism in the curves 
depicting the changes in protein-bound iodine of plasma, thyroxine iodine, 
and total iodine of the thyroid with increasing iodine intake. Each of 
these three curves rises rapidly at first, reaches its maximum at an intake 
of about 75 y of iodine per day, and then remains practically level as the 
iodine intake is further increased. The relation between protein-bound 
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iodine of plasma and the thyroxine iodine of the thyroid is also expressed 
by a high linear correlation (r = 0.84 + 0.052). The above results suggest 
that in the normal animal the level of protein-bound iodine of plasma 
is dependent upon the thyroxine content of the thyroid gland and js 
limited by the gland’s capacity to produce thyroxine. 


SUMMARY 


Uniform groups of rats were maintained on the same basic diet sup. 
plemented with different amounts of KI to provide mean daily iodine 
intakes ranging from 1 to 2 y to 440 y. Judged by histological appear. 
ance, the thyroid glands obtained from rats of all groups were normal, 

1. The amounts of thyroxine and of total iodine in the normal gland 
were influenced by iodine intake. These amounts increased as the daily 
mean iodine intake rose from 1to2yto 78y. A further increase was not 
observed when the mean iodine intake rose beyond 78 y per day. 

2. The slorage capacity of rat thyroid tissue under the conditions pro- 
vided here was found to be 130 to 140 mg. per cent for total iodine and 40 
to 50 mg. per cent for thyroxine iodine. 

3. Despite large differences in the total iodine content of the gland, the 
percentage of total iodine present as thyroxine remained constant. The 
mean percentage for forty-four determinations was 31.0 (standard error 
+0.51). 

4. The postabsorptive levels of total iodine of plasma were linearly 
related to the iodine intake (r = 0.96 + 0.013). 

5. An increase in the postabsorptive values for protein-bound iodine of 
plasma was observed when the mean iodine intake rose from 2 to 78 7 
per day. A further increase in iodine intake failed to produce a significant 
rise in the level of protein-bound iodine of plasma. 

6. In the normal animal the level of protein-bound iodine of plasma 
appeared to be dependent upon the thyroxine content of the gland and 
limited by the gland’s capacity to produce thyroxine. 
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ON THE ENERGY SOURCE OF THE ACTION POTENTIALIN THE 
ELECTRIC ORGAN OF ELECTROPHORUS ELECTRICUS* 


By DAVID NACHMANSOHN, C. W. COATES, MORTIMER A. ROTHENBERG, 
AnD M. V. BROWN 


(From the Departments of Neurology and Biochemistry, College of Physicians and 
Surgeons, Columbia University, the New York Aquarium, the New York Zoological 
Society, and the Department of Physics, the College of the City of New York, 
New York) 


(Received for publication, June 1, 1946) 


The energy released by the breakdown of phosphocreatine and the forma- 
tion of lactic acid appears to be adequate to account for the total electric 
energy released by the action potential in the electric organ of Electrophorus 
electricus (1). The experiments suggest that energy-rich phosphate bonds 
are the primary source of energy during recovery, adenosine triphosphate 
acting as first phosphate donor and phosphocreatine being the “‘storehouse”’ 
for energy-rich phosphate. Thereby it becomes probable that the cellular 
mechanism yielding the energy for the electric manifestations is basically 
the same as that known for the mechanical process of muscular contraction. 

The electric organs were selected as material for correlating electric and 
chemical events of the action potential, since both are within the range of 
accurate measurement, whereas in ordinary nerves considerable difficulties 
are encountered owing to the small amounts of energy released. The first 
investigations reported, however, were carried out with very limited ma- 
terial. Only six fish of 160 to 190 cm. length were available. Such large 
specimens are difficult to handle and are therefore rather inconvenient for 
experimental analysis. Moreover, the voltage per cm. is considerably 
lower than in smaller fish (2,3). It could therefore be expected that small 
specimens would offer still more favorable material for both the electrical 
recordings and the chemical analysis. Additional and more precise studies 
appeared desirable. 

Recently a great number of specimens became available and the attempt 
to correlate chemical and electrical events during the discharge of the elec- 
trie organ has been resumed., ‘In this paper, further observations on the 
breakdown of phosphocreatine and lactic acid formation, this time carried 
out on smaller fish, will be presented. 


Methods 
Essentially the same methods were used as were described previously (1). 
Pieces of tissue were cut with the highest possible speed and frozen in liquid 


*This work was supported by a grant of the Josiah Macy, Jr., Foundation. 
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nitrogen. The weight of the tissue used was generally about 200 to 300 mg. 
1 ml. of 5 per cent ice-cooled trichloroacetic acid was used per 20 mg. of 
tissue. The mixture was ground and filtered; an aliquot part of the 
filtrate was used for lactic acid, another for phosphocreatine determination, 
with the same technique as described before. Particular care was taken 
to determine the number of impulses as precisely as possible. The electric 
scaling circuit described before was so changed that it indicated every 
thirty-two impulses instead of sixteen. Since sometimes trains of impulses 
occur at a very high rate, it is difficult to exclude the possibility that ocea- 
sionally a few trains of impulses are missed. The scaling circuit was there- 
fore replaced by a Potter two decade electronic counter for recording the 
impulses coupled with a mechanical counter for keeping record of every 
discharge of the fish. In this way it was assured that the total number of 
impulses was actually counted. In all experiments of Tables III and IV 
the new arrangement was used. 

The electric recordings, which form the basis of the calculations for the 
electric energy released, were carried out on the same fish but not simul- 
taneously with the experiments for the chemical analysis. As the elec- 
trical characteristics of each individual do not vary when measured on 
different occasions, it appeared more convenient to carry out the electrical 
and the chemical observations separately. In order to ascertain that the 
voltage was about the same as that in the experiments for computing the 
electric energy, it was always recorded with the aid of a cathode ray oscillo- 
graph. These recordings served at the same time as a check that there 
was no marked decrease in voltage due to fatigue, since this would also 
affect the chemical reactions. If a marked decrease in voltage occurred, 
the experiments were discontinued, since in such cases the data are no 
longer comparable. 


Results 


Electrical Data—The electrical measurements are reported elsewhere in 
full detail (4, 5). The data obtained will be described here only as far as 
they are essential for the interpretation of the chemical figures. 

In the previous observations, only that part of the electric energy was 
actually determined which is released externally (1). In the large speci- 
mens used, this energy was calculated to be 8 X 10-* gm. calorie. Subse- 
quent recordings and several improvements in technique have shown that 
this figure has to be revised downward to 4 X 10-6 gm. calorie. However, 
for the problems studied, viz. the chemical energy source of the action 
potential, it is necessary to know the éofal electric energy released per gm. 
and impulse. The total energy was first estimated to be at least twice as 
high as that released externally. The determination of the total electric 
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energy is rather complicated and requires a great number of electrical 
recordings of various kinds. The investigations of Cox, Coates, and 
Brown, carried out on the same material as that used for the chemical 
analysis described in the previous paper as well as in the present, have 
revealed that the total electric energy per gm. and impulse is close to 24 X 
10 gm. calorie in the large specimens of 180 cm. average length. This 
average figure has been obtained by measurements on six fish. The in- 
dividual values vary between 18 and 35 X 10-*gm. calorie. In the medium 
sized fish with which the chemical data described below were obtained, the 
total energy was found to be 47 X 10~* gm. calorie, as average of recordings 
on nine fish, the individual data ranging from 29 to 71 & 10-* gm. calorie. 

Chemical Data—The results of the chemical determinations are sum- 
marizedin TablesI toIV. It has to be kept in mind that the data obtained 
are a balance of several reactions going on at any given moment. The 
phosphocreatine split is continuously being rephosphorylated by the energy 
released by carbohydrate metabolism, as is known from the studies on 
muscle (Meyerhof (6)). The oxidative energy is used both for the re- 
synthesis of carbohydrate and phosphocreatine. Muscle can be isolated 
and kept in strictly anaerobic condition. In this way, one of the three 
major sources of energy is excluded and the condition is simplified. A 
further simplification may be achieved in the case of muscle by inhibition 
with monoiodoacetic acid, blocking the energy of carbohydrate as was 
shown by Lundsgaard. Then phosphocreatine becomes the only source 
providing energy for the contraction. No such simplification separating 
the different reactions has yet been devised for the electric organ of the 
living animal. However, both the basic respiration and the increase in 
oxygen uptake following the action potential are probably small, as may 
be concluded from all measurements on nerve respiration and from the 
low succinic oxidase content of electric tissue (2). It appears probable 
therefore that during the short period of the experiments the correction 
which has to be made owing to increased respiration is small, only a few 
per cent of the two reactions measured. The amount found is therefore 
probably close to the total energy released anaerobically. 

Since it is known from the observations on muscle that, under certain 
conditions, part of the lactic acid formation may be delayed, #.e. is going on 
for some time after the relaxation of the muscle, it is possible to assume 
that a similar delayed lactic acid formation may occur following the dis- 
charge. In that case, if the tissue is cut and frozen immediately after the 
period of discharges, the lactic acid formed following the discharge may 
not be the maximal amount. It therefore appeared desirable to allow for 
& “recovery period’’ during which the delayed lactic acid formation would 
oeeur. Tables I and II summarize the observations with such a recovery 
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TaBLe I 
Energy Released per Gm. and Impulse by Breakdown of Phosphocreatine during Action 


Potential of Electric Organ of Electrophorus electricus 


Medium sized fish. The voltage given is that recorded per 10 cm. with an external 
After about 1300 
to 1500 impulses, stimulation was avoided and a recovery period of 3 to 4 minutes 
was permitted before a piece of tissue was cut and frozen for chemical analysis, The 
number of discharges at the end of the recovery period is the total number between 
the first and second cuts. 


resistance of 200 ohms, that in parentheses with an open circuit. 





Period 





























a “Oe ioe Voltage ‘ NS og ¥ cae , a 
a amg Recovery charges split ge 
cm. min. min we og yt 

1 89.0 | 61 (121) | 4.0 1408 | 1.20 0.49 44.7 
3.5 1696 

2 78.0 | 78 (151) 3.5 1440 | 0.88 0.71 60.2 
4.5 1824 

3 100.5 | 77 (135) 3.5 1440 | 0.99 0.79 76.5 
4.0 1600 

4 93.5 | 70 (118) 3.0 1472 1.38 0.46 43.7 
3.0 1632 

5 112.5 | 54 (102) 2.5 1280 | 1.47 0.35 41.5 
4.0 1312 

6 111.0 | 58 (106) 3.0 1280 | 1.71 0.28 34.0 
3.0 1280 

7 104.0 | 76 (138) 3.0 1280} 1.445] 0.75 84.6 
3.0 1376 

8 103.0 | 62 (118) 3.0 1280 | 1.83 0.45 54.5 
3.0 1280 

9 95.0 | 82 (154) 4.5 1280 | 1.285 | 0.595 62.8 
3.0 1472 

10 110.0 | 52 (104) 3.5 1088 | 1.395 | 0.595 85.0 
3.0 1088 

ll 143.0 | 52 (83) 3.0 1568 | 0.945 | 0.46 45.5 
3.0 1568 

12 112.0 | 60 (104) 3.0 1546 | 1.56 0.65 65.0 
3.0 1546 

13 107.0 | 60 (114) 3.5 1568 | 1.57 0.67 56.0 
3.0 1856 

14 105.0 | 52 (106) 3.0 1600 1.715 | 0.575 55.6 
3.0 1600 

15 90.0 | 64 (110) 3.0 1536 | 1.635 | 0.395 39.0 
3.0 1568 

Average. ...| 103.6 56.6 
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period. After 1200 to 1500 discharges within a period of 3 to 4 minutes, 
the fish was kept as quiet as possible and any further stimulation was 
avoided. This was in most cases successful. Practically none or very 
few spontaneous discharges occurred during the recovery period. In some 
eases there were still a few spontaneous discharges but their number was 
insignificant when compared with the total. 


TasBie II 
Energy Released per Gm. and Impulse by Lactic Acid Formation 
The experiments are the same as in Table I; the determination of lactic acid has 
been carried out with an aliquot part of the filtrate used for phosphocreatine deter- 
mination. The last column indicates the energy released by the two processes 
(phosphocreatine breakdown and lactic acid formation). 

















Gm. calories X | Gm. calories X 10-* per 
Experiment No. Initial lactic acid | Lactic acid formed | 10°* Ss and gm. . impulse 
sum) 
mg. per Em. mg. per gm. 
1 0.140 0.321 46.1 90.8 
2 0.177 0.283 37.9 98.1 
3 0.396 0.337 61.5 128.0 
4 0.469 0.236 33.7 77.4 
5 0.383 0.367 69.5 111.0 
6 0.347 0.308 58.5 92.5 
7 0.372 0.418 74.2 158.8 
8 0.410 0.345 57.3 111.8 
9 0.540 0.490 81.0 143.8 
10 0.442 0.428 96.1 181.1 
11 0.278 0.476 74.0 119.5 
12 0.331 0.532 $4.0 149.0 
13 0.278 0.462 60.5 116.5 
14 0.195 0.432 66.0 121.6 
15 0.463 0.521 81.0 120.0 
nis no Usk cnaeadaanes ebb emanate nie 64.8 121.3 











In Tables III and IV are given data obtained in experiments in which no 
recovery period was permitted and in which the tissue cut was performed 
directly at the end of the stimulation period. If these data are compared 
with those in Tables I and II, it appears that there is no significant differ- 
ence, the average figures being 121.3 and 126.4 X 10~ gm. calorie respec- 
tively. In view of the individual variations, such a difference is small and, 
moreover, in a direction opposite to the expected, the lower average figure 
being that of the experiments with recovery. 

In this case a fundamental difference between nerve and muscle function 
has to be kept in mind. The duration of the action potential is of the 
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otdér of 1 millisecond, that of muscular contraction several hundred times 
higher. The energy required for contraction is many thousand times higher 
than that for the passage of the impulse. For both reasons, a longer period 
of lactic acid formation may be expected in the case of muscle activity, 


Taste III 


Breakdown of Phosphocreatine As in Table I, but with Tissue Cut and Frozen 
Immediately at End of Stimulation Period 



































| | 
ae Initial | Phospho- |Gm™. calories 
E : t No. Length | Voltage* Stimulation | _No. of a ol - X 107 per 
ae a | of fish | mage | period | discharges | Gentine “a gm. and 
se ieeeieeanes =F ro ae ————— 
cm | | min. | y ny — 
16 | 98 | 45 (92); 4.5 | 1500 | 1.505 | 0.375 | 38.7 
17 | 96 | 49 (82) 2.0 | 1600 | 1.52 0.56 54.5 
18 | 95 | 34 (77) 2.0 | 1600 | 1.605 | 0.565 54.7 
19 102.5 | 70 (110) 4.5 1500 | 1.26 | 0.43 | 443 
20 | 108 | 73 (100) | 2.0 1900 | 1.31 | 0.55 | 44.7 
21 9% #|§ 5 (90); 2.0 1600 1.605 | 0.565 4.7 
| 
— ee ee a a re eet — eae 
Average......| 99 | | | 48.6 





* Voltage recorded per 10 cm. with an external resistance of 200 ohms; that in 
parentheses, with an open circuit. 


Tasie IV 
Lactic Acid Formation of Experiments Reported in Table III (without Recovery Period) 


The last column indicates the energy released by both the phosphocreatine break- 
down and lactic acid formation. 




















. . ; . | Gm. calories X | Gm. calories X 10 per 

Experiment No. | Initial lactic acid | Lactic acid formed | 10-* per gm. and gm. and impulse 

| impulse (sum) 
me. per gm. | mg. per gm | 

6 60} 00.206 | HL 151.7 
17 0.143 0.447 | 68.0 122.5 
18 0.227 0.418 €3.5 118.2 
19 0.224 0.604 98.0 142.3 
20 0.293 0.479 61.5 106.2 
21 | 0.218 0.410 62.5 | 117.2 
Rb tbinnc Olds 00 les ahead dpbeivatedevene | 77.8 | 126.4 





The observations suggest that the total lactic acid formed as a result of 
the discharges has actually been determined under the conditions used. 
The calculations of the energy provided by the breakdown of phospho- 
creatine were previously based on the assumption of 10,000 gm. calories 
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per mole of phosphocreatine. (1). It appears, however, more correct to 
assume 11,000 gm. calories in view of different recent estimations (Meyer- 
hof (7)). The value is about the same for all energy-rich phosphate bonds. 
The figures given in this paper are calculated on this basis. The formation 
of 1 mole of lactic acid yields about 16,000 gm. calories without neutraliza- 
tion heat. In the previous calculation this figure was used (1). Since it 
is known that 2 moles of energy-rich phosphate bonds may be created per 
mole of lactic acid, 22,000 gm. calories per mole of lactic acid seem to be, 
according to Meyerhof, a more correct assumption (8). This higher figure 
has been used for the calculation of the figures presented. 

In Table V are summarized the electrical and chemical data obtained 
so far. Two facts emerge from these figures: (1) in the medium sized 
fish, the total of the electric energy and the chemical energy measured is 


TaBLe V 
Relationship between Electric Energy Released by Action Potential and Chemical Energy 
Released by Breakdown of Phosphocreatine and Formation of Lactic Acid 
Average values. The figures in parentheses indicate the number of experiments 
on which the average values are based. 























Energy released per gm. and impulse, gm. calories X 10* Electrical 
Length of fish in per cent o! 
Electrical | Phosphocreatine | Lactic acid Combined chemical 
cm. | 
103 47 (9) 54.5 (21) 68.5 (21) 123.0 (21) 38 
180 24 (6) | 35.7 (15) 23.1 (7) 53.4 (7) 45 





about twice as high as in the larger specimens; (2) the energy of phospho- 
creatine breakdown and lactic acid formation exclusive of the oxidative 
energy seems to be more than twice as high as the electrical energy. In 
still smaller fish, of 67 cm. average length, the total electric energy released 
per gm. and impulse is markedly higher. In these fish 88 X 10~* gm. calorie 
per gm. and impulse was found as the mean value of eight experiments, the 
individual values varying between 55 and 118 X 10-* gm. calorie. The 
chemical energy also appears to be markedly higher, but insufficient meas- 
wements were made and more experiments are necessary for obtaining a 
reliable picture. 


DISCUSSION 


The surface changes occurring during an electric discharge involve loss 
of energy. The reversal of this process can conceivably be effected only 
by the free energy of chemical reactions. The observations presented sup- 
port and amplify the evidence offered previously that phosphate bonds are 
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the source of free energy for the recovery, by which the restitution of the 
resting condition is achieved, following the action potential. 

In the preceding studies, the chemical energy measured was correlated 
only with the energy released externally by the discharge, since insufficient 
data were available for computing the total energy released. Even now 
the determination of the total electric energy is subject to a number of un. 
certainties. The most important is the question of whether or not the 
electromotive force remains unchanged during the whole period of the 
discharge. All measurements indicate that the resistance undergoes con- 
siderable changes during the discharge but the electromotive force remains 
essentially constant throughout its duration. However, it cannot be ex- 
cluded that, during a short period of the phase of rising voltage, variation 
of the electromotive force does occur. For the calculation of the electric 
energy released, constant electromotive force has been assumed. Fortu- 
nately for this calculation, the uncertain phase is of extremely brief dura- 
tion compared with the rest of the discharge. It therefore appears safe to 
assume that the order of magnitude computed would not be affected 
materially if a change in the electromotive force does occur in the early 
part of the initial phase. 

On the basis of the present data, the electric energy is about 40 per cent 
of the chemical energy released by the two anaerobic processes measured. 
Assuming that oxidation would provide about the same amount of energy 
for the reversal of the two anaerobic processes, the electric energy would 
be close to 20 per cent of the total chemical energy. This would bea 
reasonable efficiency. 

It would be desirable to complement these data by a study of the heat 
production, since only in this way could the total energy change be com- 
puted. Such measurements are being prepared. 

The question as to whether or not the discharge of the electric organ may 
be compared with the ordinary nerve action potential has been frequently 
discussed (9). According to Hill, the fundamental physicochemical mech- 
anism is almost certainly the same (10). The electric organs are an ac- 
cumulation of motor end plates and their action potential may be best 
compared to the end plate potential studied recently by Eccles and his 
associates (11). There is no reason to assume that axon and end plate 
potential differ basically except in a quantitative respect. In fact, the 
data available so far are consistent with the assumption of a similar physico- 
chemical mechanism (12). 


SUMMARY 


Observations are presented supporting and amplifying the previous 
evidence that the breakdown of phosphocreatine provides the chemical 
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energy for the restitution of the resting condition following the electric 
discharge of the electric organ of Electrophorus electricus. Electric record- 
ings and chemical determinations carried out on a greater amount ef more 
favorable material than available before have revealed the following facts: 

1. In medium sized fish of average length of 103.6 cm., the breakdown of 
phosphocreatine yields 54.5 X 10-* gm. calorie per gm. and impulse. The 
formation of lactic acid yields 68.5 X 10~* gm. calorie per gm. and impulse. 
Both figures are mean values of twenty-one experiments. The chemical 
energy released by these two reactions is consequently 123.0 X 10~* gm. 
calorie per gm. and impulse. The total electric energy released in the 
same specimens is 47 X 10~* gm. calorie per gm. and impulse (average of 
nine experiments). 

2. No difference is found in lactic acid formed whether the determination 
is made directly at the end of the stimulation period or at the end of a 
recovery period. 

3. The chemical energy in the medium sized specimens is about twice 
as high as in large fish of 180 cm. average length in which the two chemical 
reactions measured were found to yield 53.4 X 10-* gm. calorie per gm. 
and impulse (mean value of seven experiments). This is in good agree- 
ment with the equally smaller electric energy released in these specimens 
which is 24 X 10-* gm. calorie per gm. and impulse (average of six ex- 
periments). 
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THE ISOLATION OF PECTIC SUBSTANCES FROM SOFTWOODS* 
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Branfoot (1) has summarized the early work on pectic substances. Bon- 
ner (2), Norman (3), and Hirst and Jones (4) have reviewed later work on 
the structure of these substances. 

Pectic materials that approximate the composition and have some of the 
properties of pectic acid are widely distributed but in small amounts in 
mature hardwoods. In 1925 O’Dwyer (5) isolated such a material from 
beechwood, and in 1931 Preece (6) reported 0.4 per cent of pectin in box- 
wood. Since then pectic materials have been isolated from mature wood 
of black locust (7), lemon, mesquite, and white pine (8), and from cotton- 
wood (9). 

In mature woods pectic materials are mixed or combined with large 
amounts of cellulose, lignin, hemicellulose, and often with other carbohy- 
drate materials. Although they have been isolated from mature hardwoods 
and from one softwood, it is far more difficult to isolate them in appreciable 
amounts from softwoods. This possibly is due to the greater solubility of 
the hemicelluloses of softwoods than of hardwoods and to the greater 
amount of other soluble carbohydrates that dissolve with the pectic mate- 
rials in the extraction of softwoods. No satisfactory procedure for isolating 
these materials from mature woods and for separating them from the 
accompanying substances is known. The methods now used are not quan- 
titative. They require large amounts of wood if sufficient pectic material 
is to be obtained for complete purification. Undoubtedly the pectic mate- 
rials so far isolated from wood have undergone considerable hydrolysis in 
the process of isolation and purification. As a result, pure pectic materials 
from mature woods have not been studied sufficiently for their properties 
and composition to be accurately determined. 


* The Administration of the Institute of Paper Chemistry furnished the financial 
assistance that made this investigation possible. It was undertaken at the sugges- 
tion of Dr. Harry F. Lewis of the Institute staff. Dr. L. E. Wise and Dr. I. H. Isen- 
berg of the Institute staff made many helpful suggestions during the course of the 
work; Dr. Wise supplied a part of the holocelluloses that were used. Dr. M. A. Bu- 
chanan of the Institute staff supplied the woods that were used. The Analytical 
Department of the Institute did many of the analyses. Three graduate students at 
the University of Arizona, Robert Cullen, Seymour Rosenbaum, and Lemuel 
Rosenblatt, helped with the work on Douglas fir and western red cedar. To all 
of these the author is deeply grateful. 
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The purest of these materials that have been isolated from mature wood 
have the following properties: In a 2 per cent solution of ammonium by- 
droxide they show [a], of approximately +235°. This is somewhat less 
than the [a], of pectic acid that has been prepared from citrus pectin 
through the calcium salt (8). The free acids yield from 19.5 to 22 per cent 
carbon dioxide by the method of Lefévre and Tollens (10) and approxi- 
mately 19.5 per cent furfural. The calcium salts contain from 7.5 to 9.5 
per cent calcium. They are more soluble and gel to a less extent when 
precipitated with calcium chloride than does calcium pectate which has 
been prepared from citrus pectin. They also differ in their solubility, 
probably because of variation in their degree of hydrolysis. The presence 
of galacturonic acid can be readily established by conversion to mucic acid 
by the method of Heidelberger and Goebel (11). 

The present investigation was undertaken to determine how widely pectic 
materials occur in mature softwoods and to improve the method of isolating 
and purifying them. 


EXPERIMENTAL 


Establishing Presence of Pectic Substances in Softwoods—Several attempts 
were made to isolate pectic material in appreciable amounts from Douglas 
fir and western hemlock by extracting 3 kilo lots of the powdered woods in 
succession with hot water, hot 0.05 n hydrochloric acid, and 5 per cent am- 
monium hydroxide. In these investigations the extracts were concentrated 
and decolorized by bromine, as described later, but they were separated 
into fractions by precipitation with alcohol. Calcium chloride was used 
only to a very limited extent in this process. In each investigation some 
material was obtained that showed [a]? as high as +80° and gave as high 
as 10 per cent of carbon dioxide. However, the amounts of pectic sub- 
stances obtained were too small for thorough purification and the results 
were not conclusive. 

Western red cedar, when extracted and decolorized in the same manner, 
gave, before fractionation with alcohol, 1.23, 0.35, and 0.7 per cent of the 
hot water, hot 0.05 n hydrochloric acid, and 5 per cent ammonium hydrox- 
ide extracts. In place of simple fractionation with alcohol, the pectic ma- 
terial in these extracts was converted to calcium pectate and back to the 
free pectic acid twice. They then showed [a]? = +60°, +50°, and +206°. 
On analysis they gave 5.93, 13.4, and 15.3 per cent carbon dioxide and 
17.2, 16.25, and 23.6 per cent furfural. After reconversion of the ammo- 
nium hydroxide extract to calcium pectate and back to the free pectic acid 
two more times, it showed [a]> = +247° and gave 18.1 per cent carbon 
dioxide and 21.1 per cent furfural. When it was tested by the method of 
Heidelberger and Goebel it gave mucic acid, melting at 218°. 
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The results obtained with western red cedar indicated that, in the isola- 
tion of pectic materials from softwoods, purification of the extracts by re- 
peated conversion to calcium pectate and back to pectic acid was far supe- 
rior to fractionation by alcohol. As a result the procedure described below 
was followed in a further study of Douglas fir and western hemlock. 

Isolation of Pectic Material from Wood of Douglas Fir and Western Hem- 
lock—3 kilos of the powdered woods were repeatedly extracted under a reflux 
with a benzene-alcohol mixture until the extracts were no longer deeply 
colored. 

The lipide-free woods were then extracted twice in baths of boiling water, 
each time for 6 hours, with 9 times their weight of water. The extracts 
were concentrated in vacuo at 75° to 500 cc. To the concentrates were 
added 20 gm. of calcium chloride dissolved in 30 cc. of water, followed by 8 
volumes of alcohol. The precipitates were isolated and washed with alco- 
hol and ether. 

The woods were next heated with 8 times their weight of 0.05 n hydro- 
chloric acid in baths of boiling water for 5 hours and filtered. The filtrates 
were neutralized with a slight excess of ammonia and concentrated. The 
concentrates were made slightly basic with ammonia and then slightly acid 
with acetic acid and mixed with calcium chloride solution and alcohol. The 
precipitates were isolated as described above. The woods were finally 
extracted twice, at room temperature, with 5 per cent ammonium hydroxide, 
each time for 6 days. The filtrates from each wood were concentrated and 
the concentrates were treated with acetic acid, calcium chloride, and alcohol, 
as in the case of the hydrochloric acid extract. 

Isolation of Pectic Material from Holocelluloses of Douglas Fir and Western 
Hemlock—1 kilo of the coarsely ground sawdust in amounts of 100 to 300 
gm. was converted to holocellulose, as described by Wise (12). Exhaustive 
treatment with sodium chlorite in the preparation of holocellulose causes 
loss of carbohydrate material and should be avoided. The holocellulose 
used here still contained as much as 2 per cent lignin. After thorough wash- 
ing with acetone, the holocellulose was extracted for 3 days at room tem- 
perature with approximately 20 times its weight of a 2.5 per cent solution of 
ammonium hydroxide. The extract was treated exactly as those in the 
preceding section. One extraction with a 2.5 per cent ammonium hydrox- 
ide dissolves most of the pectic material. Even this extraction dissolves 
considerable hemicellulose and other carbohydrate material with the pectic 
material. 

Removal of Lignin from Extracts—To remove lignin and coloring matter 
from the extracts of wood or holocellulose, it was rubbed with a cold 1 per 
cent solution of hydrochloric acid and shaken with small amounts of liquid 
bromine. After an hour 8 volumes of alcohol were added. This reacts 
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with excess bromine, dissolves the calcium chloride and chlorinated lignin, 
and precipitates the pectic materials, hemicelluloses, arabogalactan, and 
related substances. The precipitate was filtered and washed with alcohol 
and ether. It was then dissolved in a 2 per cent solution of ammonium or 
sodium hydroxide and the solution filtered. The filtrate was made slightly 
acid with cold dilute hydrochloric acid and shaken with liquid bromine. 
After the dark color had disappeared and bromine was no longer absorbed, 
8 volumes of alcohol were added and the purified material was isolated. 
This treatment with bromine was repeated until the material was white. 
In this procedure, hot strongly acid or alkaline solutions were avoided in 
order to minimize hydrolysis of the materials (13). 

Purification of Pectic Materials Extracted from Sofiwoods or from Holocel- 
luloses of Softwoods—The purification of pectic materials extracted from 
hardwoods has been briefly described in previous publications (7,8). The 
separation of the pectic materials from the other carbohydrates present in 
the extracts depends on the difficult solubility of calcium pectate in water 
and 25 per cent alcohol. In the separation, the pectic materials are repeat- 
edly converted into difficultly soluble calcium pectate and back to free pectic 
acid. The exact procedure to be followed depends on three factors: (1) 
what other carbohydrates are present in the extracts with the pectic mate- 
rials; (2) how much the pectic material has been hydrolyzed during its 
isolation; and (3) whether it is present as a calcium salt or as free pectic 
acid. If the pectic material is present as a calcium salt, it must be con- 
verted to the free acid by treatment with a 1 per cent solution of hydro- 
chloric acid and 8 volumes of alcohol before it can be dissolved in the 
ammonium or sodium hydroxide. If a hemicellulose is present with the 
pectic material, a 2 per cent solution of ammonium hydroxide may not 
dissolve the extract and a 2 per cent solution of sodium hydroxide must be 
used. Also, if a hemicellulose is present when the solution is acidified, a 
precipitate may form. This should be centrifuged out and its [a]>> deter- 
mined. If the pectic acid has not been appreciably hydrolyzed during 
isolation, it will precipitate as calcium pectate. Usually, however, consid- 
erable hydrolysis has occurred and 0.5 volume of aleohol must be added to 
precipitate all of the calcium pectate. 

In general the decolorized extract is dissolved in a 2 per cent solution of 
ammonium hydroxide and filtered. The filtrate is made slightly acid with 
acetic acid, and 20 gm. of calcium chloride in 30 cc. of water are added, 
followed by 0.5 volume of alcohol. This precipitates any pectic acid pres- 
ent, together with some of the other carbohydrates. The precipitate is 
centrifuged out and washed with 25 per cent alcohol. The solution con- 
tains most of the other carbohydrates which are precipitated by addition of 
8 volumes of alcohol. The calcium pectate is reconverted to pectic acid. 
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By numerous repetitions of this procedure the extracts are separated into 
free pectic acid, arabogalactan (if any is present), and herhicellulose. Each 
step in the procedure should be followed with the polariscope. The pectic 
acid rotates strongly dextro, the arabogalactan rotates approximately 
412°, and the hemicellulose rotates strongly levo. 

Results Obtained with Western Hemlock. and Douglas Fir—Western 
hemlock wood, treated as described above, gave a total of 0.17 per cent of 
purified pectic acid, whereas the holocellulose gave 0.55 per cent of the 
weight of the wood as purified calcium pectate. The pectic acid from the 
wood showed [a] = +175° and on analysis gave 16.03 per cent carbon diox- 
jde and 15.34 per cent furfural. The calcium pectate from the holocellulose 
gave 7.35 per cent calcium, 16.25 per cent carbon dioxide, and 20.35 percent 
furfural. When this calcium pectate was converted to free pectic acid, the 
acid showed [a]? = +216.3° and gave 19.7 per cent carbon dioxide. When 
the pectic acid was treated by the method of Heidelberger and Goebel, it 
gave mucic acid, melting at 217-218°. 

The extracts of Douglas fir before purification amounted to 5.1 per cent 
ofthe wood. The 2.5 per cent ammonium hydroxide extract of the holocel- 
lulose of Douglas fir amounted to 4.25 per cent of the wood used. The loss 
during decolorization and purification of the pectic material was so large 
that no accurate estimate of the amount of pure pectic acid obtained could 
be made. It was between 0.1 and 0.2 per cent. The purified pectic acid 
from the various fractions showed [a]? from +75° to +115°, and gave from 
5.2to 19.4 per cent carbon dioxide. These purified extracts were combined 
and twice converted to calcium pectate and back to pectic acid. This 
showed [a]?> = +234.8° and gave 20.05 per cent carbon dioxide and 19.1 per 
cent furfural. When treated by the method of Heidelberger and Goebel, 
it gave mucic acid, melting at 218°. 

The results obtained with western red cedar, Douglas fir, and western 
hemlock establish conclusively the presence of pectic substances in these 
three softwoods. 

Isolation of Pectic Materials from Smaller Amounts of Softwoods—Smaller 
amounts than previously used of the following five softwoods were converted 
to holocelluloses by Dr. L. E. Wise: Douglas fir (Pseudotsuga tazifolia) ; 
western hemlock (T7'suga heterophylla); western red cedar (Thuja plicata) ; 
loblolly pine (Pinus taeda); and black spruce (Picea mariana). These 
holocelluloses were extracted by the author for 3 days with 2.5 per cent 
ammonium hydroxide and the extracts were isolated as previously de- 
scribed. The results are summarized in Table I. 

The first ammonium hydroxide extracts of Table I were then decolorized 
by bromine. The resulting products are the decolorized extracts of Col- 
umns 2 and 3, Table II. These decolorized extracts of Table II were then 
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separated by repeated treatment with calcium chloride into an insoluble 
calcium pectate and a soluble hemicellulose (Fractions A and C, Table II), 
The analytical determinations made on these fractions are summarized in 
Table II. 

Fractions A of Douglas fir, western hemlock, and loblolly pine, whose 
analyses are given in Table II, were purified further by conversion to cal- 


TaBLe I 
Yields of 2.5 Per Cent Ammonium H ydrozide Extracts of Holocelluloses from Five Woods 









































Ammonium hydroxide 
Wood No. Wood used Holocellulose yield 
ist extract 2nd extract 
(1) (2) (3) (4) (8) 
gm. per cent per cent per cent 
1 267 72.1 14.5 1.6 
2 186.5 74.1 14.5 1.4 
3 187 63.6 14.3 0.5 
4 368 70.4 13.9 0.7 
5-I 142 57.7 wi 0.5 
§-II 177.4 74.2 15.1 
Taste II 
Summary of Analysis of Pectic Materials from Holocelluloses of Five Softwoods 
ee Pectic acid, Fraction A Hemicellulose, Fraction C 
Wood Frac- Pectic | Pectic 
No. tion A Carbo Fur- id i id 
[@], [ «], dioxide ieoad Fraction : [« lo 
A wood 
(1) (2) (3) (4) (S) (6) (7) (8) (9) (10) (11) 
gm. degrees gm. degrees per cent |per cent| gm. |percent| gm. degrees 
1 8 1.9 | +144 14.23 | 19.7 | 1.14} 0.43} 3 —25.1 
2 12 0 1.14 | +183 0.85 | 0.45) 8 —17.5 
3 7 —23.4 | 0.35 | +112.4 | 12.96 | 22.9| 0.20; 0.11] 5 —26.1 
4 16 —10.3 | 2.5 | +112.5 1.25 | 0.34 | 10 —25.2 
5-I 2.7 0.4 +83.8 0.20 | 0.14 | 2.4) —32.4 
5-II| 3.7 1.7 +166 1.13 | 0.64} 16 | —32.7 
































cium pectate and back to free pectic acid. The resulting materials showed, 
respectively, [a]? = +200°, +212°, and +205°. They gave 18.6, 19.7, 
and 19.6 per cent carbon dioxide and 19.7, 20.5, and 22.8 per cent furfural. 

These results show that smaller amounts of softwoods than those pre- 
viously used are sufficient for the isolation of pectic materials if they are 
first converted to holocelluloses. 

Explanation of Table I—The yields of ammonium hydroxide extract in 
Column 4 are in percentage of the holocellulose. The woods used were (1) 


i 








oe ee ee ee ee. a. | rr a a a a a 


or > 


oluble 
le II), 
ved in 


whose 
0 cal- 


; in 


(1) 








E. ANDERSON 239 


Douglas fir; (2) western hemlock; (3) western red cedar; (4) loblolly pine; 
(5-I) black spruce I; (5-II) black spruce II. Wood 5-I was treated too long 
with sodium chlorite. This removed all of the lignin, and some of the carbo- 
hydrate material was lost. Wood 5-II was treated for a shorter length of 
‘time. Table I shows that one extraction with 2.5 per cent ammonium 
hydroxide removes approximately the same percentage of extract from all 
of the woods. The second extract was small. Specific rotations which 
were made on the second extracts indicated that they were hemicelluloses. 

Explanation of Table I1I—The woods are the same as those in Table I. 
The decolorized extracts were prepared from the first ammonium hydroxide 
extracts of Table I by bromination. Fractions A and C were prepared from 
the decolorized extracts by repeated treatment with calcium chloride. 
Fraction A is from the calcium pectate precipitate. Fraction C is from the 
filtrate from Fraction A. The gm. of pectic acid in Fraction A, Column 8, 
were calculated from the gm. and [a]?> of Fraction A, Columns 4 and 5, on 
the assumption that pure pectic acid would show [a]? of approximately 
+250°. ‘ 

Table II shows that the 2.5 per cent ammonium hydroxide extracts of the 
holocelluloses of these five softwoods were separated into a pectic acid frac- 
tion and a hemicellulose fraction and that pectic materials are present in all 
five of these woods. 


SUMMARY 


1. The presence of pectic substances has been established in five impor- 
tant mature softwoods. Since their presence has previously been estab- 
lished in some mature hardwoods, pectic materials appear to be normal 
constituents in many mature woods. 

2. Although the methods used in isolating pectic materials from wood 
are not quantitative, they may be present up to 0.5 per cent in softwoods. 

3. These materials approximate the composition and have some of the 
properties of pectic acid. Changes in the solubility and losses during puri- 
fication can best be explained on the assumption that some hydrolysis 
occurs during isolation and purification of the pectic substances. 

4. An improved method has been devised for isolating pectic materials 
from softwoods by converting the wood to holocellulose and extracting this 
with a 2.5 per cent solution of ammonium hydroxde. 

5. An improvement has been made in the method of separating pectic 
materials from lignin, hemicellulose, and other carbohydrates that are 
coextracted from wood. 

6. Failure to remove pectic materials from hemicelluloses will lead to 
considerable error in the analyses of the latter because of the high uronic 
acid content and high specific rotation of the pectic materials. 
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A number of viruses responsible for disease in plants and animals have 
been purified in recent years and much has been learned of their chemical, 
physical, and, following the introduction of the electron microscope, mor- 
phological characters. In contrast, the bacterial viruses have been given 
relatively little attention in the application of the methods of purification 4 
and study employed for other viruses. Moreover, much of the significance a 
of the results thus far obtained is obscured by the use of different bac- y 
teriophages in the various investigations. Schlesinger (1-3), combining a | 
ultrafiltration and centrifugation, purified a bacteriophage of Bacillus 
coli and found it to be constituted of protein and an ether-soluble fraction. i} 
The material contained 3.7 per cent phosphorus, which was considered i| 
(3,4) to be bound in nucleic acid. Tests for carbohydrate were only weakly Hi 
positive. Using chemical methods, Northrop (5) isolated a ‘‘macromolecu- 
lar nucleoprotein” from lysates of cultures of staphylococcus. The mate- . 
tial, which possessed the biological properties of the phage, gave sharp 
boundaries in sedimentation diagrams in the ultracentrifuge (6), but unsedi- 
mentable material was generally present. Similar chemical findings were 
encountered by Pollard (7) in analyses of a Bacillus coli bacteriophage 
purified by McIntosh and Selbie (8). Kalmanson and Bronfenbrenner 
(9), studying the P. C. phage of Escherichia coli, found a low phosphorus 
content (0.07 per cent), and considered that the active agent was protein 
rather than nucleoprotein. Lipide and carbohydrate were not determined. 

Electron micrographic studies of bacteriophage lysates (10-13) of vari- 
ous bacteria have greatly advanced the status of the problem of the mor- 


*This work was aided by the Commission on Influenza and the Commission on 
Epidemiological Survey, Board for the Investigation and Control of Influenza and 
Other Epidemic Diseases in the Army, Preventive Medicine Service, Office of the 
Surgeon General, United States Army; and by a grant to Duke University from the 
lederle Laboratories, Inc., Pearl River, New York. 

'The terminology Bacillus coli is used wherever it was employed by the authors 
‘o whom reference is made. 
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phology of these bacterial viruses. There still remain, however, many 
questions concerning the physical and chemical characters of the agents, 
and, for this reason, further experiments have been undertaken on the 
purification and study of bacteriophage. The agent chosen was the T, 
phage of Escherichia coli, which was the same as that previously investi. 
gated by Kalmanson and Bronfenbrenner (9). This agent has been con. 
centrated and at least partially purified by Anderson (14). The electron 
micrographic appearance of the purified material obtained in the present 
work has already been described briefly (15). The present paper is devoted 
chiefly to a description of the technique of purification and to the general 
chemical? and physical characters of the agent. 


Materials and Methods 


The Escherichia coli bacteriophage, P. C., of Kalmanson and Bronfen- 
brenner (9) has been designated as y by Delbriick and Luria (16) and as 
T, by Anderson (14) and others. The strain of bacteriophage, obtained 
through the generosity of Dr. Max Delbriick, Vanderbilt University, had 
been cultured on the host in synthetic medium. From this preparation, 
stock phage was prepared in nutrient broth, as described below. A volume 
of 500 ml. was passed through a 5 X 1 inch Berkefeld N filter, followed by 
100 ml. of distilled water. The suspension, stored at 2-8°, maintained its 
potency of about 10" plaque-forming particles per ml. throughout the 6 
months duration of these experiments. 

The host organism, Escherichia coli, strain B (9, 16), also obtained from 
Dr. Delbriick, was maintained on 1 per cent nutrient agar slants with 
transfers at intervals of 1 day. For each experiment the organism was 
transferred to broth. 

Purification was carried out in parallel on phage cultured on bacteria 
grown in (1) broth and (2) synthetic medium. The media and methods of 
culture were essentially those described by Delbriick (17). The broth 
was Difco nutrient broth, pH 6.5 to 7.0, to which NaCl was added to 0.5 
per cent concentration. The synthetic medium consisted of Na,HPO, 
0.6, KH,PO, 0.3, MgSO, 0.02, NaCl 0.05, NH,Cl 0.1, and glucose (c.?. 
grade) 0.4 per cent. The glucose was autoclaved separately in 4 per cent 
solution and added aseptically to the autoclaved salt base. The pH of the 
final medium was 6.9 to 7.1. The nutrient agar for carrying the stock 
culture, as described above, and for titration of the phage, was Bacto- 
standardized agar in 1 per cent concentration in nutrient broth. 

In the production of phage for concentration and purification, batches 


? A portion of the work was described by one of the authors (A. R. T) before the 
meeting of the American Chemical Society at Atlantic City, New Jersey, April 12, 
1946. 
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of 7.5 to 15 liters, distributed in 1500 ml. volumes in 2 liter Florence flasks 
proved convenient. Seed inoculum of bacteria for the large volumes was 
in 50 ml. of the respective media in 125 ml. Erlenmeyer flasks, 
jnoculated with 0.1 ml. of an 18 to 24 hour broth culture of Escherichia coli, 
and incubated for 18 hours at 37°. The broth inoculum, after incubation, 
contained about 2.0 X 10* viable cells per ml. Stock phage containing 
10" lytic units per ml. was added in the ratio of 1 phage particle to 400 to 
700 bacteria, and the flask was shaken and allowed to stand for 5 to 7 min- 
utes. To each 1500 ml. volume of medium, previously warmed to 37°, 
there were added 30 ml. of the phage-bacteria suspension. The flasks were 
incubated for 8 hours at 37° with vigorous mixing, manually, every 15 
minutes. (The 500 ml. of stock inoculum described above were prepared 
from a broth culture at this stage.) The individual batches of nutrient 
broth cultures were pooled immediately and stored in the ice box for 7 to 
14 days before processing. The synthetic medium cultures were left over- 
night in the incubator, without further agitation, before pooling. The 
nutrient broth cultures usually were completely lysed at the end of 8 hours; 
synthetic medium cultures were not, even after 24 hours incubation. 
Titration of lytic units was accomplished essentially as described by 
Ellis and Delbriick (18). Dilutions to be tested were made in broth in 
successive 10-fold increments, and 0.5 ml. quantities of those in the appro- 
priate range were mixed, each with 2.0 ml. volumes of 18 hour-old broth 
cultures of the bacterium. After 5 minutes, 0.1 ml. volumes of the mix- 
tures were spread on agar plates, three for each dilution tested. The 
plaques were counted after incubation of the plates at 37° for 16 to 24 hours. 
The purification and analytical procedures employed were similar to 
those used in the work with the papilloma (19) and influenza viruses (20, 
21). The modified laboratory model air-driven Sharples supercentrifuge 
(20) was used for the initial concentration of the phage from the lysates. 
For further purification, the vacuum ultracentrifuge (22) with a capacity of 
120 ml. per run was used. Sedimenting boundaries of the concentrated 
materials were photographed in the air-driven analytical ultracentrifuge 
(23) by means of ultraviolet light of 2400 to 2800 A, by the absorption 
method of Svedberg. The electron microscope was the RCA type B instru- 
ment. All micrographs were made with 55 kilovolt electrons. 


Isolation of Bacteriophage from Lysed Nutrient Broth Cultures 
While the phage was readily concentrated by the centrifugation of freshly 
lysed nutrient broth cultures of 8 hours incubation, purification at this 
stage was very difficult. The fresh lysates contained much mucoid mate- 
rial, and the phage particles were apparently trapped in or coated with 
slimy substance. Filtration of such lysates or preliminary low speed 
clarification runs in the Sharples supercentrifuge for removal of residual 
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bacteria resulted in the loss of 60 to 80 per cent of the phage activity, 
Much of this phage, sedimented in the low speed centrifugation, could be 
recovered by redispersing the sediment in saline solution and filtering with 
Celite, but this practice was not efficient, since subsequent concentrates 
were always heavily contaminated with unsedimentable protein or other 
ultraviolet light-absorbing material. 

Contrary to the findings with the fresh lysates, however, it was observed 
that the troublesome effects of the mucoid material could be avoided by 
allowing the lysates to stand in the refrigerator for a time before applying 
the purification procedures. During this period, a granular or flocculent 
precipitate sedimented in progressively increasing amounts in association 
with a diminution of the slimy material. Studies on lysates at various 
intervals showed that the most satisfactory results, with respect both to 
yield and to the elimination of the mucoid material, were obtained when 
the lysates were kept in the refrigerator for 7 to 14 days before purification 
was begun. 

Elimination from the lysates of bacteria and bacterial débris, as well 
as most of the flocculated mucoid material, after the interval of 7 to 14 days 
was accomplished in the earlier experiments by preliminary low speed 
spinning in the Sharples centrifuge. The pooled lysate (crude lysate) was 
run into the standard 160 ml. separator bow], rotating 40,000 r.P.m. (39,0009 
at the bowl periphery), at a rate of 14 liters per hour. The lysate was 
followed by 1 liter of chilled, sterile 0.9 per cent NaCl solution (adjusted to 
pH 6.5 with 0.1 nN NaOH). The effluent fluid (clarified lysate) containing 
the phage, collected in a 10 liter Pyrex bottle, was ready for the concen- 
tration run in the Sharples centrifuge. 

In later experiments it was found that filtration of the broth lysates 
through 10 inch 6 or 7 pound Mandler candles removed bacterial débris 
and flocculated material more efficiently, with less loss of phage activity, 
than did centrifugal clarification. This filtration technique was then used 
routinely in the preparation of broth lysate (filtered lysate) for subsequent 
centrifugation. 

For the initial concentration of the phage, the lysate, clarified or filtered, 
was passed through the 50 ml. concentration bowl (20) of the Sharples 
centrifuge at a rate of 2 liters per hour. The bowl speed was 45,000 R.P.m. 
(49,000g). The lysate was followed by 1 liter of sterile 0.9 per cent saline, 
pH 6.5, at the same rate of flow. The bowl, plugged and capped (20), 
was shaken vigorously and generally set aside overnight in the refrigerator. 

The chilled bowl was again shaken thoroughly for 10 minutes, the 50 ml. 
of concentrate were poured into a sterile beaker, and the bowl was washed 
with three 20 ml. portions of sterile saline. The wash fluids were added 
to the concentrate. 
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The suspension was opalescent and showed a slight yellowish color due 
toa residual small amount of mucoid material, which, in contrast with that 
in fresh lysates, was in the form of finely divided, strand-like particles. 
This material was readily removed by angle centrifugation at 2000g for 10 
minutes in 50 ml. lusteroid tubes. The resulting supernatant was siphoned 
off, and the pellets were washed into a single 15 ml. lusteroid tube with 10 
ml. of saline and again angle centrifuged. The combined wash fluid and 
initial supernatant (Sharples angled concentrate), 120 to 250 ml., depending 
upon the volume of the starting material, showed a bright blue, opalescent 
Tyndall effect and were now devoid of yellow color. The angle centrifuge 
residue (Sharples angle residue) was suspended in 10 ml. of saline solution 
for subsequent titration and analysis. 

The Sharples angled concentrate was distributed in 15 ml. portions and 
spun in the chilled rotor of the ultracentrifuge at 20,000g for 40 minutes. 
The supernatant (ultracentrifuge supernatant) was poured from the 3 to 4 
mm. pellets of bluish, translucent, gel-like material. No extraneous mate- 
rial other than a few dust particles was seen, and the pellet of each tube 
was quickly dispersed in 1 or 2 ml. of saline solution by a few swirling 
motions. This suspension, in appropriate volume, was spun 10 minutes 
in the angle centrifuge at 2000g. The supernatant was pipetted off and 
the angle residue resuspended in 2 to 3 ml. of saline and angle centrifuged 
again. The wash fluid was combined with the concentrate (ultracentrifuge 
angled concentrate), while the angle residue was suspended in 10 ml. of 
saline for titration. The ultracentrifuge concentrate was strongly opales- 
cent and blue, with sharp high lights when viewed by transmitted light. 

The results of the biological titrations and of estimations of total nitrogen 
distribution in the various fractions, in a typical experiment with bac- 
teriophage from a broth culture, are shown in Table I. The crude, un- 
filtered lysate contained 10°* plaque-forming particles per ml. Filtration 
through the Mandler candle in this case resulted in a relatively small loss of 
the phage activity, judging not only by the titer of the filtrate but by the 
titer of the Sharples angled concentrate and that of the ultracentrifuge 
concentrate. The titers of the Sharples angled concentrate and of the 
subsequent ultracentrifuge concentrate indicate an essentially complete 
recovery of the activity present in the filtered lysate. The losses shown by 
plaque counts of the Sharples effluent fluid, Sharples angle residue, ultra- 
centrifuge supernatant, and angle residue are relatively negligible. It 
should be emphasized that, once a clarified broth culture lysate suitable for 
centrifugal purification is obtained, the phage activity can be sedimented 
in the ultracentrifuge repeatedly (at least three times) without appreciable 
loss. This is in marked contrast to the results with phage isolated from 
cultures in synthetic medium. 
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Isolation of Bacteriophage from Lysed Synthetic Medium Cultures 


In cultures in synthetic medium, the plaque count reached about 19% 
in 24 hours incubation and was maintained over the week of standing under 
refrigeration. The growth of phage-resistant bacteria during the longer 
incubation period resulted in a culture more readily clarified by centrifuga. 
tion than by filtration. Consequently, synthetic medium lysates wer 
usually clarified with the Sharples centrifuge, as described for the early 
experiments with broth lysates, though some (Table II) were filtered. The 


TaBLe I 


Distribution of Nitrogen and Lytic Units in Purification Fractions of Broth and 
Synthetic Medium Cultures of Escherichia coli Infected with T; Bacteriophage 









































Broth medium | Synthetic medium 
Fraction 
Selah | Tegal | tice [Rercent! Total | Test | ere | Pesce 
mil. me | mil. mg. | 
Crude lysate...... 9000 9000. 10°-87 j200 (14,700 (3350 | 10'9-5° /100 
Filtered lysate......./9000 (9180 10°-* | 70 | 
Clarified “ ...... j14,700 {2910 | 10:43 | g4 
Sharples effluent... .. 9000 (9140 | 10*** | 3.2 |14,700 2880 10°-* | 12.7 
‘* angled con- | 
contrate........... 110 17.3 | 10°" | 87.8 | 225 | 32.4 | 10'°-46 | 71.8 
Sharples angle residue; 10 0.7 | 10%? 0.07| 12 | 9.0)! 108-8 2.1 
Ultracentrifuge su- 
pernatant..........| 110 2.7| 1077! 1.3} 205 | 2.5| 10 | 04 
Ultracentrifuge an- | | 
gled coneentrate...| 24.4] 13.0| 10°77 | 83.8| 79.1, 29.1 | 10” | 68.7 
Angle residue........| 10.6 0.33 107-5 | 0.8) 10.1) 0.11) 1074 | 0.006 





* All of the fractions were diluted on the basis of the original Vv aaa of the crude 
lysate. Titer = number of plaque-forming phage particles per ml. 


remainder of the purification procedure was the same as that used for the 
phage of broth cultures. 

In Table I are shown the results of a typical experiment. The clarified 
lysate contained 84 per cent of the activity of the crude lysate. About 
72 per cent of the activity was recovered in the Sharples angled concentrate; 
only about 3 per cent was lost during the following ultracentrifugal 
procedure. 


Qualitative Chemical Examination 


The final ultracentrifuge concentrates, from both broth and synthetic 
medium cultures, containing 2.0 to 8.0 mg. of phage per ml., showed a very 
marked Tyndall effect. The more dilute preparations were bluish; m 
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preparations of higher concentration, the bluish opalescence tended toward 
milkiness, and an orange tint was observed with transmitted light. Sus- 
pensions of broth phage in 0.9 per cent NaCl solution remained unchanged 
for long periods (2 to 3 months) without visible change or alteration in 
sedimentation characters and appearance in electron micrographs and 
with little, if any, diminution in infectivity. In comparable suspensions 
of synthetic medium phage, on the other hand, there soon appeared, in 1 
to 2 weeks, a yellowish sediment and a marked increase in the viscosity of 
the fluid in association with changes in sedimentation characters, as noted 
below. 

Concentrates containing 2 to 3 mg. of phage per ml., heated in the water 
bath at gradually increasing temperature (2° per minute), became clearer 
and more viscous at 58-60°. At 80-82°, the viscous preparation again 
became opalescent. This turbidity steadily increased, and distinct precip- 
itation occurred at 90-92°. The precipitate tended to flocculate and, when 
cooled, the suspension was very viscous. When an equal volume of 0.1 N 
NaOH was added, the cooled suspension did not clear immediately, but did 
so after standing overnight at room temperature, about 25°. The phage 
precipitated immediately at H ion concentrations lower than pH 4.2 to 4.3. 
If the pH was not lowered below 3.0, the material redispersed above pH 4.5 
without alteration of sedimentation characteristics. At about pH 10 and 
above, the opalescence disappeared, and the viscosity increased markedly. 

The usual protein tests, biuret, ninhydrin, Millon’s, xanthoproteic, were 
positive. The Molisch test’ was initially negative but became positive 
within 15 to 20 minutes, indicating the freeing of bound carbohydrate by 
hydrolysis. The Sakaguchi test was negative, as was the Hopkins-Cole. 
An Ehrlich benzaldehyde test for tryptophane, however, was weakly but 
definitely positive. A strongly positive pentose test with Bial’s reagent 
(oreinol-HCl-FeCl;) was obtained. Both the Schiff and diphenylamine 
tests were strongly positive. In addition, a strong Burgundy red color was 
obtained on heating 10 minutes in the water bath at 100° with tryptophane 
and perchloric acid (24). Spectrophotometric examination of an isoamyl 
alcohol extract of this chromogenic material revealed a curve characteristic 
of desoxyribose (sodium thymonucleate and yeast nucleic acid were used 
a controls). 

The bacteriophage was precipitated on dialysis against distilled water. 
Addition of salt resulted in redispersion without change in the sedimentation 
or infectious characters observed with the material before dialysis. The 
salt-free material frozen and dried in vacuo was inactivated and was soluble 
with difficulty in 0.9 per cent NaCl solution, giving a preparation which was 
quite viscous and tended to froth badly. 

Preliminary elementary and component analyses, with the methods used 
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in previous work (21) were made on the bacteriophage isolated from broth 
cultures, dialyzed against distilled water, then lyophilized and further 
dehydrated over P,0;. The content of nitrogen was 13.5 per cent and that 
of phosphorus 4.8 per cent. The carbohydrate content, expressed as 
glucose, was 13.6 per cent. Estimation of nucleic acid by the method of 
Schmidt and Thannhauser (25) diselosed the presence of both desoxypen- 
tose and ribopentose nucleic acids. The amount of desoxypentose nucleic 


TaBLe II 
Yield and Infectivity of Bacteriophage in Representative Experiments 









































| Lysate Ultracentrifugal concentrate 
i Tr ig | j ** 
Medium | Batch | ee Senet . Peed | Total Yield of laine ties 
velame | 2iter N N phage per pe 
| | i-4% iter lysate forining exit) 
—_— _ 
| | liters | | omg. mg. | mg. gm. 
Broth 18 | C.t 9.0 10°-5 | 9810 | 7.10 | §.85 10-16-08 
27 BS. 9.4 109-89 8930 7.23 5.69 10-15-89 
30 - 9.0 10-59 9180 13.0 10.69 10-15. 
31 = 9.0 10*-86 9693 9.53 7.85 | 1071-89 
33 - 9.0 109-89 9702 11.6 9.54 10~15-8 
34 oo 9.0 109-78 8723 14.25 11.68 1075.78 
Synthetic | 22-3 | C. | 15.0 | 10° 213 | 2.22 | 1.05 | 10-10 
24-5 | F. | 15.0 | 109-59 3120 3.62 1.79 | 10-146 
29 = 7.22 | 10%¢-47 | 1492 8.05 8.26 10-16-00 
29A C. 10.8 10!°-11 2332 14.5 9.89 10-48-% 
32 ss 14.7 1019.48 2910 29.1 14.26 1075-70 
6 igi .cu tn Dean eee sees id xe ales cis Seccads ey 10 “5-88 





* Titer = number of plaque-forming phage particles per ml. 

t F. = filtered through a 7 pound Mandler candle (see the text); C. = clarified in 
the Sharples centrifuge. 

t Logarithm of the arithmetic average of the numbers corresponding to the indi- 
vidual logarithm. 


acid was 40.0 per cent and that of ribopentose nucleic acid 6.6 per cent. 
Alcohol-ether-soluble material was also present to the extent of 5 to 6 per 
cent, of which 2.5 per cent was petroleum ether-soluble neutral fat. 

The yield and infectivity of the purified phage from both broth and syn- 
thetic media are shown for several experiments in Table IJ. In all of these 
experiments the phage was sedimented twice, once in the Sharples centri- 
fuge and then once in the vacuum ultracentrifuge. (As noted above, broth 
medium phage can be sedimented repeatedly, three times, with but small 
successive losses. In contrast, as observed in experiments not cited m 
Table II, repeated sedimentation of the synthetic medium phage results 
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in losses of 30 to 50 per cent of the activity with each succeeding sedimenta- 
tion.) The yields showed little quantitative relation to the infectious 
titers of the lysates, except possibly in the instance of those from synthetic 
medium. The higher yields of 10 to 15 mg. per liter, obtained after experi- 
ence With the purification process, are probably representative. There 
appeared to be no difference referable to preliminary filtration or clarifica- 
tion with the Sharples centrifuge for removal of bacteria from synthetic 
medium lysates. 

The individual infectivity measurements of Table II were conducted at 
widely separated times, usually immediately after purification of the 
respective preparations. Nevertheless, the results appeared fairly uni- 
form. The average amount of nitrogen per lytic unit was 10-%* gm., 
the average unit for broth phage being identical with that of phage from 
synthetic medium. 


Sedimentation Characters 

The bacteriophage exhibits a remarkable behavior hitherto not observed 
in ultracentrifugal studies of viruses. The material apparently may exist 
in two states with widely differing rates of sedimentation. Complete 
reversal in either direction can be accomplished by changes in the conditions 
of the dispersion media, or mixtures of the two states can be obtained at 
will. The T, phage of Escherichia coli shows an extraordinary power to 
absorb ultraviolet light, as Wyckoff (6) noted in the instance of the 
staphylococcus phage; excellent sedimentation diagrams were obtained 
with the T, bacteriophage at concentrations of 0.04 mg. per ml. Bound- 
aries satisfactory for measurement of sedimentation rate resulted with 
concentrations of 0.013 mg. per ml. 

The sedimentation studies reported here were all made in the pH region 
of about 6 to 7. The diagram of a concentrate of broth phage obtained in 
0.9 per cent NaCl solution, as described above, is shown in Text-fig. 1. 
There is seen an exceedingly sharp sedimenting boundary above which there 
is no evidence of unsedimentable material, characters indicating a high 
degree of purity of the preparation by this method of examination. The 
sedimentation constant of this preparation was Soo = 725 & 107". Ma- 
terials of these characters were obtained with only one exception in twenty 
experiments under the conditions described. 

When, however, Ringer’s solution was used as the dispersion medium for 
the purification process, the material, examined immediately, gave two 
boundaries, as shown in Text-fig. 2. The sedimentation constants in this 
instance were Soo = 720 X 10-" and Soo = 1031 X 10-". If such prepa- 
rations were allowed to stand in the cold room for several days, the fast 
component became more prominent, while the more slowly sedimenting 
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component diminished in concentration. In some instances, the slow 
component disappeared completely. This change occurred without the 
appearance of unsedimentable material or alteration in the infectious 
capacity of the preparation. 

Further study showed that the difference between the behavior in NaC] 
solution and that in Ringer’s solution was probably due to the presence of 
calcium in the latter. It was found that the addition of CaCl. to a concen- 
tration of 0.023 m to a preparation of Seo = 720 & 107", similar to that of 
Text-fig. 1, effected an immediate complete transition to the state in which 
only the fast component was present. This is illustrated in Text-fig. 3, 
in which there is seen only the boundary Soo = 1048 XK 107". The bound- 
ary of the fast component was usually not quite as sharp as that of the 
more slowly sedimenting component. The reverse transition of the fast 


Fig. | Fic. 2 

























Text-Fic. 1. Sedimentation diagram of the bacteriophage suspended in 0.9 per 
cent saline solution. The concentration of phage was 1.1 mg. per ml. The mean 
centrifugal acceleration was 7230g and the time interval between pictures 2} minutes 
The sedimentation constant was Saco = 725 X 10 
Text-Fig. 2. Sedimentation diagram of the bacteriophage suspended in Ringer’s 


solution. The concentration of phage was 14 mg. per ml. The mean centrifugal 
acceleration was 7230g and the time interval between pictures 2} minutes. The 
sedimentation constants corresponding to the upper and lower boundaries were Sy 


= 720 X 10-" and Seo = 1031 X 107", respectively 


component, present in 0.023 m CaCl solution, to the slow component could 
be effected immediately by 10-fold dilution of the preparation with 0.9 
per cent NaCl solution, thereby reducing the CaCl. concentration to 0.0023 
mu. That this was not related simply to dilution of the phage was evident, 
for the fast boundary was obtained routinely in 0.023 m CaCh solution 
with a phage concentration as low as 0.04 mg. per ml. 

In media of very low salt content, the phage did not give sharp bound- 
aries of either sedimentation rate; instead, a broad band of diffuseness was 
seen in the region between the approximate limits expected of boundaries 0! 
Sooe = about 1000 X 10-" to Soo = about 700 K 10-'. Sharp boundaries 
were obtained without evidence of degradation of the material in high salt 
concentration, up to 18 per cent NaCl, or 15 per cent CaCh. 

As noted above, preparations of the phage from synthetic medium d 
persed in NaC] solution undergo visible change in 1 to 2 weeks in the reirig- 
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erator. Sedimentation diagrams showed a diminution in the material of 
Soo = about 700 X 107" in association with the appearance of a new sharp 
boundary of Soo = 14 X 10-'. Further changes toward degradation 
resulted in the appearance of unsedimentable material. 

The finding of two boundaries associated with the fully infectious mate- 
rial raised the question of the state in which the phage exists in the lysates. 
This was investigated first by direct examination of lysates of Escherichia 
coli grown in synthetic medium, an examination possible because of the high 
concentration of the phage, its high ultraviolet-absorbing power, and the 
low ultraviolet absorption of the medium itself. In Text-fig. 4 there is 
shown a distinct sharp boundary with a sedimentation constant of Soo = 
about 1000 K 10-'. As expected, there was present, also, much unse- 
dimentable material (probably due to bacterial degradation products). 








Fic. 3 Fia. 4 

Text-Fic. 3. Sedimentation diagram of the bacteriophage obtained in the pres- 
ence of 0.022 m CaCl, in the suspending medium. The concentration of phage was 
14mg. per ml. The mean centrifugal acceleration was 7230g and the time interval 
between pictures 2} minutes. The sedimentation constant was Soo = 1048 XK 107". 

Text-Fic. 4. Sedimentation diagram of bacteriophage in a crude synthetic me- 
dium lysate. The titer of the lysate was 10" plaque-forming units per ml. The 
mean centrifugal acceleration was 7230g and the time interval between pictures 2} 
minutes. The sedimentation constant was Soo = about 1000 K 107". 


Further evidence that the state resulting in the boundary Soo = about 
1000 X 10-'* is representative of the phage in the lysates was shown by 
comparing the sedimentation of the phage infectivity of a broth lysate with 
that of the influenza virus B, which has a sedimentation constant of Soo = 
824 X 10-'*. The procedures employed were those described (26, 27) ina 
similar comparison of influenza viruses A and B with the papilloma virus. 
The results showed that the phage infectivity sedimented at a rate much 
greater than that of influenza virus B, a rate more compatible with phage 
particles of Sooo = about 1000 XK 10~' than of Soo = about 700 XK 107-™. 


Electron Micrography 
Like most other viruses, the bacteriophage in purified preparations was 
very difficult to portray in the electron microscope. The chief difficulty, 
that of obtaining an even distribution of a large number of particles on the 
collodion screen, was surmounted by the addition of calcium chloride to the 
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suspending medium as in the work with the equine encephalomyelitis (28) 
and influenza viruses (26, 27). By this means, the contrast in the images 
was likewise greatly increased, though the internal structure was entirely 
obscured. 

Electron micrographs of the purified T, bacteriophage from broth culture 
lysates, obtained both in the conventional way and by the “shadow” tech- 
nique (29), have been shown in a previous report (15). This phage, as 
observed (10) in crude lysates, is a tadpole-shaped particle with a large 
head, essentially a short rod (15) with conical or rounded ends, and a slender 
tail terminating distally in a slightly broader knob or disk-shaped structure. 
A micrograph of particles obtained from a broth lysate and treated with 
ealeium chloride in 0.023 m concentration is portrayed in Fig. 1. In Fig. 
2 there are shown the particles obtained from a lysate in synthetic medium. 
On inspection, it is seen that the particles from the two types of Lysates are 
closely similar; a significant difference, however, is clearly evident in the 
length, especially of the tail structure. That of the phage from synthetic 
medium lysates was significantly longer than that of the virus from broth 
cultures. Measurements reveal that the head pieces are likewise some- 
what larger. The values of the sizes from measurements on small numbers 
of the images from broth lysates are length of head piece 100 my, and width 
80 my; length of tail piece 111 my, and width 18 my; and over-all length 211 
mu. Analogous values for phage from synthetic media were 113 and 86 mg; 
135 and 20 mu; and 248 mu. It should be emphasized that these values 
were obtained with the particles dried in the air and then in the vacuum 
of the electron microscope, and may not represent the true values for the 
particles in aqueous medium. 

In order to observe the internal structure in the particles of purified 
preparations, like that seen in the particles of crude lysates (10), efforts 
were made to obtain micrographs in the absence of calcium. As shown in 
Fig. 3, fair success resulted with particles from which most of the salt had 
been dialyzed with distilled water. The contrast in the images is low, and 
the limits of the particles are indistinct. Inside the particle, however, 
there are seen regions, usually two, of segregated material of relatively high 
electron absorption. Agglomeration, observed macroscopically in dialyzed 
concentrates, is likewise seen here. Washing with distilled water of par- 
ticles dried on the screen from salt solutions sometimes yielded the bizarre 
forms seen in Fig. 4. The particles appear greatly swollen and rounded, 
the periphery is fairly distinct, and the characteristic internal structure 
seems faded. Such an appearance might result from rapid imbibition of 
water by and swelling of the previously dried particles. This possible 
osmotic effect could occur if it were assumed that a large amount of salt 
was taken up by the particles during the course of the drying process. Such 
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a possibility is not inconceivable, for, as indicated below, the particles are 
apparently enclosed within a membrane-like structure. To what extent 
the images represented artifacts cannot be judged at present. 

A micrograph of particles dried from CaCl, solution and shadowed with 
chromium is given at low magnification in Fig. 5, chiefly to show the pre- 
ponderance of characteristic forms and the absence of significant numbers 
of small particles of other sorts. A somewhat different appearance of the 
shadowed bacteriophage was obtained with the virus, the same preparation 
as that of Fig. 3, from which the salts had been removed by dialysis against 
distilled water. In this instance the particles were shadowed with gold. 
The result is shown in Fig. 6, where it is seen that the surface contours of the 
particles are not smooth; instead, there is unevenness, which gives the 
appearance of protrusion of internal structures beneath the surface. ‘The 
shape and location of the apparent surface mounds correspond closely 
to those of the regions of high electron-absorbing power seen in the con- 
ventional electron micrograph of Fig. 3. Analogous surface protrusions 
have been seen in micrographs of shadowed elementary bodies of vaccinia 
(15). 

A most interesting and probably significant finding is illustrated in the 
micrograph of Fig. 7. Here there are seen many images of characteristic 
outline but seemingly empty with respect to the electron-absorbing mate- 
rial of the head piece, as previously observed by Anderson (14). These 
forms or ghosts have the appearance of limiting, membrane-like structures 
from which the internal contents have escaped or have undergone pro- 
found changes. Similar forms, less clearly seen, are present also in Figs. 
land 2. Structures somewhat analogous to these are the ghost forms seen 
in preparations of vaccinial elementary bodies (30), some of which have 
apparently ruptured, spilling the contents to the outside. It is notable 
that the calcium does not greatly enhance the contrast of these limiting 
structures of the bacteriophage, which suggests that its action may be 
exerted on the materiai contained inside the particle. 


DISCUSSION 


The application of centrifugal purification procedures to cultures of 
Escherichia coli grown in broth or synthetic medium and lysed by the T, 
bacteriophage has been consistently productive of a material which exhibits 
wiiformly the biological behavior of the bacterial virus. The yields of 
activity from both broth and synthetic medium lysates were high, repre- 
senting in some instances about 85 per cent of that initially present in the 
crude lysates. The rate of sedimentation of the activity from the lysates 
by the Sharples supercentrifuge and the ultracentrifuge corresponded well 
with that of the purified material examined in the analytical ultracentrifuge. 
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Though infectivity measurements made on the purified material cannot be 
employed as a quantitative index of purity, the values of the infectious 
units of the various preparations were highly uniform. 
The sharpness of the two separate boundaries observed in the analytical 
ultracentrifuge, together with the absence of unsedimentable material in the 
sedimentation diagrams, constitutes evidence of a high degree of homo- 
geneity of the material with respect to particle size, shape, and density, 
The small particles of 2 to 8 my in diameter, indicated by diffusion methods 
(9), were not present in sufficient amounts for detection in the sedimenta- 
tion diagrams. Further, the centrifugal fields employed for purification 
were not great enough for the differential selection of particles of these 
dimensions. In the electron micrographs, only one type of particle was 
consistently present in more than a trace. While particles of 2 to 8 my 
in diameter might be visualized only with difficulty, if at all, in the electron 
microscope, particles of 12 my or more in diameter would have been demon- 
strable, if present in significant amount, especially in the shadow 
micrographs. 
Small particulate components from the tissues or fluids of the host have 
provided complications in the purification of other viruses (31, 32), but in 
each instance the methods of ultracentrifugal analysis or electron microg- 
raphy have sufficed to demonstrate (26, 28) their presence. The doubtful 
reliability of diffusion methods for the estimation of virus particle size was 
clearly shown in the instance of the influenza virus A (PRS& strain), which 
was judged by this method to be about 9 mu in diameter (33) and which 
was subsequently found (34, 35) by other means of measurement to be 
about 100 mu in diameter (an average value). Furthermore, the intimate 
biological relationship between the virus particle of characteristic shape and 
size and its bacterial host has been beautifully shown in repeated studies by 
Anderson and his associates (10, 14). A consideration of the various ultra- 
centrifugal and electron micrographic data together with the biological 
findings provides a preponderance of evidence that the characteristic 
particles of the purified preparations are identical with the T, bacteriophage. 
A purpose of the present work was to obtain data of possible significance 
in interpretations of the nature of bacteriophage, which has been regarded 
by many as a macromolecular protein (9) or nucleoprotein (5). Such 
interpretations imply that phage is an inanimate entity devoid of autonomy 
and dependent on the host cell for the immediate vital processes necessary 
for reproduction of the phage particles. Interpretations in this vein have 
been implemented by frequent comparisons (5, 9) of the characters of the 
bacteriophage with those of enzymes and autocatalytic enzymes. Itis 
notable, however, that no proof of molecular nature has been reported; 
instead, there are available only negative findings pertaining to failure 
to demonstrate vital processes usually considered as criteria of living matter. 
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Certain of the data obtained with the T, bacteriophage provide pre- 
sumptive evidence against the molecular hypothesis. Chemical analyses, 
described briefly here and in detail in another report (36), show that the 
agent consists of protein, lipide, and nucleic acid of two types. The electron 
microscope reveals that the constituents are arranged in the particle in a 
highly organized and differentiated manner. The material within the 
head piece shows not only segregated regions of high electron-absorbing 
power surrounded by material of low absorbing power, but differentiation 
as well from a limiting structure which is left behind like a membrane still 
attached to the tail process when the material escapes to the outside. The 
chemical constitution of the whole virus particle and the appearances of 
organization are no less complex than the analogous characters of the host 
organism (36). In view of the exhibition of clearly defined differentiation, 
it seems improper to refer to the bacteriophage as a nucleoprotein; rather, 
like its host and other living cells, it is an organized complex of these con- 
stituents. In addition, the complex is subject to change in size, as shown 
in the electron micrographs, and in chemical constitution in response to the 
nature of the medium in which the host grows. The quantitative changes 
in constitution do not parallel analogous variations in the host (36) in 
response to different environments. Despite these significant changes, 
however, the virus maintains the fundamental characterizing capacity to 
parasitize and increase in the presence of the specific host. 

An explanation of the two distinct boundaries of greatly different rate 
of sedimentation, both associated with the same material of constant activ- 
ity, is not apparent with the present information. The phenomenon has 
been observed in relation not only to the presence of calcium but also to 
hydrogen ion concentration, as described in another report. There is 
some reason (37) to believe that the boundary characterized by Si = 
about 1000 X 10-'* represents the phage dispersed as individual particles, 
or possibly as aggregates of one type of cohesion, while that of So = 
about 700 X 10~-'* is in a state of aggregation of another type consisting 
of two or more particles per group. The reason for the effect of calcium 
in converting the material of S2o> = about 700 XK 10-" into that of Soo» = 
about 1000 X 10-"* is obscure. No evidence has been seen of the splitting 
of the particles of S29» = about 1000 X 10-"* into smaller particles, nor have 
electron micrographs been obtained of aggregates of pairs or other multiples 
of particles occurring uniformly. The phenomenon was not observed by 
Wyckoff (6) with the phage of staphylococcus, nor were the gel prepara- 
tions occurring in his work encountered with active preparations of the 
T; phage. The problem of the two boundaries of the T, phage will be 
discussed in further detail in association with a report (37) of the studies 
of the effects of hydrogen ion concentration. 
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SUMMARY 


The T, bacteriophage of Escherichia colt (strain B) has been purified by 
preliminary filtration or spinning of lysates in broth or synthetic medium 
in the Sharples centrifuge for removal of bacterial débris, followed by 
sedimentation of the virus in the Sharples centrifuge and further concen- 
tration of the agent in the vacuum ultracentrifuge. The concentrates 
possessed uniformly the specific biological activity of the T, bacteriophage 
in its action on the host. In the analytical ultracentrifuge, the fully 
active concentrates in 0.9 per cent NaCl solution as the suspending medium 
gave a single sharp boundary, one with a sedimentation constant of Sy» = 
about 700 X 10-5; in 0.023 m CaCl, solution, a single, slightly less sharp 
boundary was obtained with a sedimentation rate corresponding to Si. = 
about 1000 X 10-%. The two states were fully reversible by suitable 
changes in the medium, or mixtures of the two states could be obtained as 
desired. No difference was seen between the sedimentation rates of the 
virus from broth and that from synthetic medium. The purified bae- 
teriophage obtained from broth lysates appeared more stable than that 
from synthetic medium ; the latter began to disintegrate within 1 to 2 weeks, 
the suspension became viscous, and a new component of Sxo» = about 14 
< 10-" appeared. Further degradation was associated with the appear- 
ance of unsedimentable material. In the electron microscope, there were 
seen characteristic tadpole-shaped particles of 211 my total length and 80 
mu width of head piece for the broth bacteriophage, and 248 and 86 mg 
for the bacteriophage from synthetic medium. There was definite mor- 
phological differentiation in internal structure. Some of the images were 
of the characteristic outline but devoid of the contents of the head piece, 
having the appearance of limiting, membrane-like structures. 

Chemically, the agent from broth lysates consisted of protein 50.6 per 
cent, lipide 5 to 6 per cent, and carbohydrate 13.6 per cent. There was 
present 40 per cent nucleic acid, of which 33.4 per cent was of the desoxy- 
pentose and 6.6 per cent of the ribopentose type. The nitrogen and phos- 
phorus contents of the whole complex were 13.5 and 4.8 per cent, respec- 
tively. The best yields of the virus were 10 to 15 mg. per liter of either 
broth or synthetic medium lysates. The unit of infectivity contained 
10-58 om. of nitrogen. 

BIBLIOGRAPHY 


. Schlesinger, M., 7. Hyg. u. Infektionsk., 114, 161 (1932-33). 
. Schlesinger, M., Biochem. Z., 264, 6 (1933). 

. Schlesinger, M., Biochem. Z., 273, 306 (1934). 

. Schlesinger, M., Nature, 188, 508 (1936). 

. Northrop, J. H., J. Gen. Physiol., 21, 335 (1938). 

6. Wyckoff, R. W. G., J. Gen. Physiol., 21, 367 (1938). 


of WS he 








fied by 
nedium 
ved by 
oncen- 
ntrates 
pphage 
e fully 
edium 
Sry = 
} sharp 
Sage = 
uitable 
ned as 
of the 
d bac- 
n that 
weeks, 
out 14 
ppear- 
e were 
und 80 
86 mu 
> mor- 
S were 
piece, 


.6 per 
re Was 
PSOXY- 
phos- 
espec- 
either 
tained 





% RRERNE 


Se 8 88 


2s Bw 


HOOK, BEARD, TAYLOR, SHARP, AND BEARD 257 


Pollard, A., Brit. J. Exp. Path., 20, 429 (1939). 

McIntosh, J., and Selbie, F. R., Brit. J. Exp. Path., 21, 153 (1940). 
Kalmanson, G., and Bronfenbrenner, J., J. Gen. Physiol., 23, 203 (1939). 
Luria, 8. E., and Anderson, T. F., Proc. Nat. Acad. Sc., 28, 127 (1942). 


. Luria, 8. E., Delbriick, M., and Anderson, T. F., J. Bact., 46, 57 (1943). 
. Anderson, T. F., J. Bact., 46, 303 (1943). 
. Anderson, T. F., J. Bact., 47, 113 (1944). 


Anderson, T. F., J. Cell. and Comp. Physiol., 26, 1 (1945). 
Sharp, D. G., Taylor, A. R., Hook, A. E., and Beard, J. W., Proc. Soc. Exp. Biol. 
and Med., 61, 259 (1946). 


. Delbriick, M., and Luria, 8. E., Arch. Biochem., 1, 111 (1942). 
. Delbriick, M., J. Gen. Physiol., 23, 643 (1940). 


Ellis, E. L., and Delbriick, M., J. Gen. Physiol., 22, 365 (1939). 

Taylor, A. R., J. Biol. Chem., 163, 283 (1946). 

Taylor, A. R., Sharp, D. G., McLean, I. W., Jr., Beard, D., and Beard, J. W., 
J. Immunol., 80, 291 (1945). 


. Taylor, A. R., J. Biol. Chem., 168, 675 (1944). 
. Wyckoff, R. W. G., and Lagsdin, J. B., Rev. Scient. Instruments, 8, 427 (1937). 
. Wyckoff, R. W. G., and Lagsdin, J. B., Rev. Scient. Instruments, 8, 74 (1937). 


Cohen, 8.8., J. Biol. Chem., 166, 691 (1944). 


. Schmidt, G., and Thannhauser, 8. J., /. Biol. Chem., 161, 83 (1945). 
. Taylor, A. R., Sharp, D. G., Beard, D., Beard, J. W., Dingle, J. H., and Feller, 


A. E., J. Immunol., 47, 261 (1943). 


. Sharp, D. G., Taylor, A. R., McLean, I. W., Jr., Beard, D., Beard, J. W., Feller, 


A. E., and Dingle, J. H., J. Immunol., 48, 129 (1944). 


. Sharp, D. G., Taylor, A. R., Beard, D., and Beard, J. W., Arch. Path., 36, 167 


(1943). 


. Williams, R. C., and Wyckoff, R. W. G., Proc. Soc. Exp. Biol. and Med., 68, 265 


(1945). 
Green, R. H., Anderson, T. F., and Smadel, J. E., J. Exp. Med., 76, 651 (1942). 
Taylor, A. R., Sharp, D. G., Beard, D., and Beard, J. W., J. Infect. Dis., 72, 31 


(1943). 


. Stanley, W. M., J. Exp. Med., 79, 267 (1944). 
. Bourdillon, J., J. Gen. Physiol., 26, 263 (1941). 
. Sharp, D. G., Taylor, A. R., McLean, I. W., Jr., Beard, D., and Beard, J. W., 


J. Biol. Chem., 166, 585 (1944). 


. Sharp, D. G., Taylor, A. R., McLean, I. W., Jr., Beard, D., and Beard, J. W., 


J. Biol. Chem., 169, 29 (1945). 


. Taylor, A. R., J. Biol. Chem., 165, 271 (1946). 


Sharp, D. G., Hook, A. E., Taylor, A. R., Beard, D., and Beard, J. W., J. Biol. 
Chem., 166,. 259 (1946). 











258 ISOLATION OF BACTERIOPHAGE 


EXPLANATION OF PLATES 


PLATE | 

Fig. 1. Bacteriophage from a broth lysate of Escherichia coli. The purified phage 
suspension placed on the collodion film contained 0.023 mM CaCl,. Magnification 
$11,000 X. 

Fia. 2. Bacteriophage from a synthetic medium lysate of Escherichia coli. The 
purified phage suspension placed on the collodion film contained 0.023 m CaCl,. Mag- 
nification 41,000 xX. 

Fic. 3. Bacteriophage from a broth lysate of Escherichia coli. The suspension 
placed on the collodion film had been freed of salt by dialysis against distilled water 
at 2-S°. Magnification 41,000 x 

PLATE 2 

Fic. 4. Bacteriophage from a broth lysate of Escherichia coli. The bacteriophage 
suspension in 0.9 per cent NaCl solution was diluted with 15 volumes of distilled water 
before it was placed on the collodion film. After drying, the film was washed with 
distilled water. Magnification 41,000 x 

Fic. 5. Bacteriophage from a broth lysate of Escherichia coli, prepared as for Fig. 
| and then shadowed with chromium at the angle whose tangent is}. Magnification 
17,700 X. 

PLATE 3 

Fic. 6. Bacteriophage from the same preparation as Fig. 3. The dialyzed bae- 
teriophage, after drying on the collodion, was shadowed with gold at the angle whose 
tangent is ?. Magnification 41,000 xX. 

Fic.7. The same preparation as that of Fig. 1 shown at the magnification 17,700 X. 
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In accompanying reports, there are described the purification and certain 
of the physical and chemical characters (1, 2) of the T: bacteriophage of 
Escherichia coli, strain B, obtained from lysates of the host organism grown 
in both broth and synthetic media. 

In further work on the virus, studies were undertaken to determine the 
eflects of hydrogen ion concentration on the stability of virus infectivity, 
in parallel with an examination of the physical stability of the virus particle 
under like conditions, as determined in sedimentation diagrams. In 
previous studies (1) there were observed two distinct and greatly different 
rates of sedimentation of the fully active virus under different conditions. 
When the bacteriophage was suspended in 0.9 per cent NaCl solution, a 
sedimentation rate of Sxoe = about 700 X 10-' was observed; in the pres- 
ence of 0.023 m CaCl, Sxoe = about 1000 XK 10-"* was found. The two 
states could be reversed, or a mixture of the two could be obtained by 
appropriate changes in the suspending medium. In the work described 
in this paper, there was encountered an identical phenomenon of the same 
two sedimentation rates, but unrelated, in this instance, to the presence of 
calcium. In media more acid than pH 5.8, the more rapidly sedimenting 
component alone was observed, while above this pH region only the slower 
one was seen. The present report is concerned with the results of these 
studies on the effects of hydrogen ion concentration on the infectivity and 
physical behavior of the virus particle. There are described, also, experi- 
ments to study the effects of virus concentration on the rate of 
sedimentation. 


Materials and Methods 


The T, bacteriophage (3), which has been designated as P. C. (4) and 
y (5), was purified as previously described (1). The agent, obtained 
from lysates of Escherichia coli grown in nutrient broth, was employed 


* This work was supported chiefly by a grant to Duke University from the Lederle 
Laboratories, Inc., Pearl River, New York, and in part by the Dorothy Beard Re- 
search Fund. 
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for the studies on pH stability, since, as already noted (1), it appears more 
stable, after purification, than that derived from lysates in synthetic 
medium. 

The buffer solutions for the studies on the stability of infectivity were 
prepared by dissolving 2.051 gm. of sodium acetate (0.025 m), 5.152 gm, 
of sodium veronal (0.025 m), and 2.922 gm. of sodium chloride (0.05 m) in 
nearly 1 liter of distilled water. In making the individual solutions to | 
liter, HCl or NaOH was included to give the desired pH. A series of 
buffers, at successive intervals of approximately 1 pH increment, was 
prepared in the range between pH 2 and 11. 

The buffers of various pH values were distributed in 18 ml. volumes jn 
25 X 250 mm. Pyrex test-tubes, and, to each, 2.0 ml. of a concentrate 
containing 5.5 mg. of phage per ml. were added. The tubes were tightly 
stoppered and kept immersed to about half their height, well above the 
level of the liquid in them, in a melting ice-water bath at about 0.5° during 
the course of the experiment. The virus mixtures were not sterile, but 
precautions were observed to avoid excessive bacterial contamination. 
There was set up, also, a control preparation in which the virus was sus- 
pended in a solution of 0.9 per cent NaCl and 0.1 m phosphate at pH 7.0. 

Immediately before the preparation of the mixtures, the stock phage 
concentrate was titrated (1) and the result used as a basis for calculating 
the extent of the subsequent decline in activity of the test preparations. 
After various time intervals, a sample of 0.5 ml. was removed from each 
mixture and from the control preparation, and the infectivity was deter- 
mined. Another sample of like volume was removed, also, for pH deter- 
mination with the glass electrode. The mixtures were not corrected to 
their original pH during the experiment. 

The purified broth bacteriophage used for most of the studies concerned 
with the effect of pH on the sedimentation characters of the virus was a 
part of a large amount prepared for chemical analysis (2). The results of 
experiments made with other phage preparations, also, have been used to 
support some of the generalizations from the experiments described in 
detail here. In all, 62 sedimentation diagrams were obtained. 

Sedimentation rates were measured by means of an air-driven ultra- 
centrifuge (6) whose rotor carried a sector-shaped cell of 5° angle and 12mm. 
height at a mean radius of 6.5cm. All runs, except one described below, 
were made at 167 R.P.s., giving a centrifugal field in the cell at mean radius 
of 7230g. Boundary progress was recorded by means of the ultraviolet 
light absorption method of Svedberg. Liquid thickness in the light beam 
(cell thickness) was 5 mm. for all runs. The time interval between ex- 
posures, except in one instance, was 2} minutes. 

The sedimentation rate of the bacteriophage was examined at pH 3.6 








ur's More 
vnthetie 


ity were 
152 gm. 
05 ) in 
ons to | 
series of 
nt, was 


umes in 
-entrate 
- tightly 
ove the 
> during 
ile, but 
ination. 
yas sus- 
1 7.0. 

; phage 
‘ulating 
rations. 
m each 
: deter- 
 deter- 
eted to 


cerned 
) was a 
sults of 
ised to 
bed in 


ultra- 
|2 mm. 
below, 
radius 
violet 
. beam 


en eXx- 


HH 3.6 











SHARP, HOOK, TAYLOR, BEARD, AND BEARD 261 


to 5.8 in acetate buffer, at pH 5.8 to 7.6 in phosphate buffer, and at pH 8.6 
to 10.4 in borate buffer. The buffers were made to 0.2 m concentration in a 
salt solution containing 9.0 gm. of NaCl and 1.0 gm. of KCl per liter. All 
solutions were kept in the refrigerator at 2-8° until a run was to be made. 
The stock virus preparation was diluted to contain 1.25 mg. of bacterio- 
phage per ml. with the NaCl-KCl salt solution; further dilution in equal 
parts with the appropriate 0.2 m bufier-saline solution brought the sample 
to 0.625 mg. of virus per ml. and 0.1 M concentration of buffer at the desired 
pH, the same concentration of NaCl and KCl having been maintained 
throughout. This sample was then raised to room temperature (about 23°) 
before the centrifuge cell was filled. The time elapsing between prepara- 
tion of each mixture and analysis, in all instances, was about 15 minutes. 

The studies of the effect of virus concentration on sedimentation rate 
were made on bacteriophage also derived from a broth lysate. The range 
of bacteriophage concentration was 0.013 to 3.7 mg. per ml. Because of the 
different sedimentation rates related to hydrogen ion concentration, a study 
was made at pH 4.6 (Sao = about 1000 X 10-'*) and another at pH 6.6 
(Soe = about 700 X 10-'%). The suspending media employed at the 
respective pH regions were the same buffer-salt solutions used at the cor- 
responding pH in the stability studies described above. Sedimentation 
rates have been reduced, wherever possible, to the standard conditions 
of the density and viscosity! of water at 20°. 


Results 


The effects of hydrogen ion concentration on stability of infectivity of the 
bacteriophage are shown in Fig. 1. There occurred a decline in activity 
throughout the whole pH range studied, but a broad pH region of stability 
was seen between 5 and 9, with an apparent maximum at about pH 5 to 6. 
Somewhat less stability was apparent in the region near pH 7.0, but this 
may have been related to adverse action of the acetate or veronal buffer 
salts at this hydrogen ion concentration. The unattached points of Fig. 
1, which indicate the activity of the control preparation, show a decline in 
infectivity at this pH no greater than that occurring in the region of max- 
imum stability at about pH 5. It is notable that no discontinuity in 
either the general level of infectivity or stability was observed in the region 
of pH 5.8, where the level of sedimentation constants changed, as described 
below. 

At pH 2.0, the phage coagulated immediately upon contact with the 
buffer; at pH 3.0, it precipitated immediately, but did not coagulate. At 


' The viscosity measurements of the salt and buffer solutions were made through 
the generous cooperation of Dr. Hans Neurath. 
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the end of 4 hours, the phage at pH 4.0 was precipitated but not coagulated. 
Further tests showed that precipitation of the phage occurred at pH 4.25 
but not at pH 4.50. The phage precipitating at pH 3.0 and 4.0 could be 
easily redispersed by shaking, and observation of the precipitate under the 
light microscope revealed amorphous aggregates. At pH 11.0, the sys. 
pension of phage immediately lost its characteristic blue opalescence, 
The pH of the virus-buffer mixtures remained relatively constant at 
pH 8.0 and below, but decreased steadily above 8.0, so that at the end of the 
experiment the buffers at pH 9, 10, and 11 had changed to pH 8.6, 8.93. 
and 9.51, respectively. 
[o-thour 
1104 0 - 24 hours Le 
6 - | week ' 
1004 x - 2 weeks ee \ 
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Fic. 1. pH stability of the bacteriophage of Escherichia coli isolated from broth 


lysates. 


In Table I there are given the data obtained from the experiments con- 
cerning the effects of hydrogen ion concentration on the sedimentation 
characters of the virus. The sedimentation rates are clearly grouped at 
two levels, the one at Sx: = about 1000 X 10-'* existing in the region pH 
4.6 to 5.8, and the other, at Soo» = about 700 X 10—, extending from pH 
5.8 to 9.5. The sedimentation diagram of a preparation at pH 4.6 is given 
in Fig. 2. In this instance Sy- = 1044 X 10-"*, and the sedimentation 
characters of the preparation are like those indicated in the diagram pre- 
viously obtained, Text-fig. 3 of (1), in the presence of 0.023 m CaCh ata 
pH of about 6.5. The diagram in the buffer-salt solution at pH 6.6 shown 
in Fig. 3, Soo = 708 X 10-3, does not differ from the diagram, Text-fig. | 
of (1), obtained with the virus suspended in 0.9 per cent NaCl solution ata 
pH of about 6.5. The transition point between the two levels of sedi- 
mentation constants was close to pH 5.8. At this pH, both of the bound- 
aries were observed in the same sedimentation diagram. 
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TABLE | 
Sedimentation Constants of T; Bacteriophage of Escherichia coli in Relation to 
Hydrogen Ion Concentration 


pH Buffer — Remarks 
3.6 Acetate Insoluble 
4.6 s 1044 Sharp, single boundary (Fig. 2) 
5.6 -” 1002 Slightly diffuse, single boundary 
5.8 Phosphate 1016 Very faint 
750 Predominant, slightly diffuse 
6.1 st 698 Sharp, single boundary 
6.6 ” 708 i se (Fig. 3) 
7.6 r 694 
8.6 Borate 713 
9.5 “es 726 
10.4 _ 148* Faint, very sharp boundary (Fig. 4 


13.4. Predominant, very sharp boundary (Pig. 4) 
* These particular values were not corrected for the relative viscosity or density 
of the suspending medium. See the text. 





Fig. 2 Fic. 3 


Fic. 2. Sedimentation diagram of the bacteriophage at pH 4.6. The sedimenta- 
tion constant was Soo = 1044 K 1073, 

Fic. 3. Sedimentation diagram of the bacteriophage at pH 6.6. The sedimenta- 
tion constant was Sey = 708 & 107%, 


Fic. 4 Fig. 5 

Fig. 4. Sedimentation diagram of the bacteriophage preparation at pH 10.4. 
Two boundaries are present ; for that at (a) S = 13.4 X 10~ and that at (b) S = 448 
X10-". These values are uncorrected for viscosity and density of the suspending 
medium for reasons given in the text. 

Fig. 5. Sedimentation diagram of the slow component (a) of Fig. 4. The mean 
centrifugal acceleration in this instance was 29,840g and the time interval between 
pictures 5 minutes. The sedimentation constant was S = 13.4 X 10>" (not corrected 
for viscosity and density of the suspending medium). 
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Some additional experiments were made to extend the investigation 
beyond the effective limits of the buffers used. pH was increased by adding 
NaOH to a borate-buffered sample until a change in the sedimentation 
characters was brought about at pH 10.4. The diagram of Fig. 4, obtained 
at this pH, shows two boundaries, S = 448 X 10~ and S = 13.4 X 10> 
Most of the light-absorbing material was the more slowly sedimenting 
component, just beginning to show beneath the meniscus in Fig. 4. This 
slowly sedimenting material, which seemed viscous and which exhibited g 
strong capacity for the absorption of ultraviolet light, is clearly demon- 
strated in the sharp boundary seen in Fig. 5. Inasmuch as viscosity 
determinations on the small volume of the supernatant fluid of this run 
were not made, properly corrected sedin entation constants could not be 
calculated for the boundaries of either Fig. 4 or Fig. 5. ‘Titrations of lytic 
capacity under these conditions showed considerable activity remaining, 
Fig. 1, and it is possible that the boundary S = 448 X 10~'*is the remainder 
of the material of Sooe = about 700 K 10~'*, sedimenting at a retarded rate 
through the apparently viscous breakdown products of the major part of 
the phage. 

At pH 3.6 and less, where the phage precipitated immediately, there was 
no evidence of light-absorbing material in the supernatant examined with 
the ultracentrifuge. Although the phage precipitated at pH 3.6, its lytic 
activity was not destroyed for some time, as shown in Fig. 1. There was, 
likewise, no evidence of change in physical stability under these conditions, 
for when the precipitate was taken up in 0.1 mM phosphate buffer-saline at 
pH 6.6, the boundary Soo = about 700 X 10~™ was obtained in the ultra- 
centrifuge. This boundary was indistinguishable from that of Fig. 3. 
Another sample, adjusted to pH 1.7 with HCl, then returned to pH 7.4 
with NaOH, did not show any boundary or characteristic blue opalescence. 

It has already been seen (1) that the bacteriophage absorbs ultraviolet 
light strongly and can ke photographed in sedimentation diagrams at 
concentrations as low as a few micrograms per ml. Furthermore, dilution 
by a factor of 5 below the concentration (0.625 mg. per ml.) used in these 
experiments causes only a slight change in sedimentation rate under other- 
wise similar conditions, as described below. A sample of bacteriophage at 
pH 4.6 in 0.1 mM acetate buffer-saline solution, where sedimentation oceurred 
at Soo = 1044 X 10-', was diluted with 4 volumes of 0.2 m phosphate 
buffer-saline at pH 7.6. The resulting pH was 7.2, and the boundary 
changed to Seo = 723 X 10-', with no evidence of damage to the virus. 

Inasmuch as the boundary Soo = about 1000 * 10~-™ was seen in the 
present work only in those samples which contained acetate buffer, it was 
considered possible that some effect, other than pH alone, brought about 
specifically by the acetate buffer, might be responsible for the difference it 
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sedimentation rates. Even though no such discontinuity occurred in 
passing from phosphate to borate buffer in the alkaline range, a different 
buffer was tried to bridge the gap from pH 4.6 to 6.6. For this purpose a 
citrate-phosphate buffer effective over this range was used. In this buffer, 
0.1m concentration in the NaCl-KCI saline solution as described above, the 
houndaries were as before; 7.¢., Soe = about 1000 & 10~' at pH 4.6 and 
Soe = about 700 X 10~% at pH 6.6. 

In work previously reported (1) it was found that the addition of 0.023 
u CaCl to phage suspensions of Soo> = about 700 X 10~' caused an im- 
mediate change to Soo = about 1000 K 107". These experiments were 

arried on in the range of pH 6.0 to 7.5. In the present work similar 
addition of CaCl, (0.023 M) to acetate-buffered preparations of phage at 
pH 4.6 had no effect on the sedimentation constant. It appears that no 
discontinuity in sedimentation rate from Seo = about 1000 X 10-" at or 
below 5.8 to Soo = about 700 X 107 above this point would exist if 0.023 
wu CaCl were present in all samples. 

The effects of the concentration of bacteriophage on sedimentation rate 
are shown graphically in Fig. 6. In the upper curve, obtained at pH 4.6, 
there is seen a linear dependence of sedimentation rate on virus concentra- 
tion in the range of 3.7 to 0.125 mg. of bacteriophage per ml. The next 
dilution, 0.041 mg. per ml., reveals a significant decrease in the sedimenta- 
tion constant. Qualitatively similar results were obtained at pH 6.6, as 
shown in the lower curve of Fig. 6. Again the linear portion extends from 
3.7 to 0.125 mg. of bacteriophage per ml.; at 0.013 mg. of phage per ml., the 
sedimentation constant was sharply decreased. It is observed that the 
slopes of the two linear relations were not identical. 

A means was not at hand for study of the factors responsible for the 
two sedimentation rates of the bacteriophage directly on the particles 
themselves under the various conditions. Since there was no evidence of 
change in infectious capacity in association with change in sedimentation 
rate, it seemed possible that both boundaries represented intact particles 
in different states of dispersion or aggregation. This was investigated 
indirectly by the examination of the behavior of lucite models of the bac- 
teriophage sedimenting individually and in various combinations of two or 
more units. 

The models were made in the shape of the phage particles to scale meas- 
urements taken from electron micrographs (1). The over-all length of 
each, A of Fig. 7, was 2.5 em., and the models, made on a lathe, possessed 
cylindrical symmetry. The models were allowed to sediment in a glass 
vessel containing NaCl solution, the density of which was about 1.18. 
Under these conditions the motion was slow enough to avoid large accel- 
eration errors, and it was possible to observe the orientation of permanent 
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translation as well as the sedimentation rate. In Fig. 7 are seen the ip. 
dividual model and the various combinations made by sticking together the 
individual units with Duco cement. The respective lengths of time neces. 
sary for sedimentation through a vertical distance of 27 cm. are also given. 
as are reciprocals of these values adjusted by constant multiples to 100 fora 
single unit. 





| 
| 








Sedimentation Rate—Soos x io 
Q 











0 1.0 20 3.0 40 
Concentration of Bacteriophoge —mg./cc. 


Fic. 6. Relation of sedimentation constants of the bacteriophage to bacteriophage 
concentration at pH 4.6 (open circles) and 6.6 (closed squares). 





Fic. 7. Sedimentation characters of lucite models of the T, bacteriophage of 
Escherichia coli in concentrated NaCl solution, singly and in various simple com- 
binations. The time of sedimentation, in seconds, was 7.9, 8.5, 8.4, 11.5, 11.3, 114, 
10.9, and 11 (approximate, see the text) for A through H respectively; the correspond- 
ing sedimentation rate, in arbitrary units, was 100, 93, 94, 69, 70, 69, 72, and 72. 


In the data of Fig. 7, two general groups of sedimentation rates are 
apparent. The greatest rate of sedimentation was that of the individual 
unit, 4. Nearly the same (only 6 or 7 per cent less) were the values of 
arrangements B and C, where all tails were in the same direction. All 
arrangements of two units the tails of which were in opposite directions 
gave values of 69 to 72, about 30 per cent less than the value for a single 
unit. Arrangements A, B, and C sedimented head down, while D, E, and 
F followed a path perpendicular to the longest axis. G and H assumed 
intermediate and apparently unstable positions during sedimentation. 
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DISCUSSION 


The results of the studies on pH stability of the bacteriophage were 
similar to those with other viruses in revealing an approximate parallelism 
between the range of stability of virus activity and the physical stability 
of the virus particle. As in the instance of other viruses, the range of 
stability of infectivity was somewhat narrower than that of physical stabil- 
ity. The results of studies being made on the electrophoretic behavior? 
of the bacteriophage indicate an isoelectric point at about pH 4.2, which 
corresponds to the acid region where precipitation of the bacteriophage 
begins. As in the instances of the vaccinia (7), equine encephalomyelitis 
(8), and influenza (9) viruses, there was no region of redispersion and 


| stability of infectivity below the isoelectric point. This is in contrast 


to the behavior of the papilloma virus (10). 

The “sedimentation constant” of the bacteriophage does not remain a 
constant with respect to concentration of the phage at either of the two 
levels observed. This variation is not unique, for it has been observed 
repeatedly (11, 12) with other purified viruses, the sedimentation constants 
of which tend, in general, to increase slowly and linearly with dilution to 
the lowest concentrations with which results can be obtained. A sig- 
nificant difference between the results with the bacteriophage and those 
with other viruses was seen, however, in the abrupt decrease in the sedi- 
mentation constant in the lowest concentration, An explanation of this 
behavior of the bacteriophage is not apparent.. The difference in slopes 
of the two lines of Fig. 6 in their straight parts may be indicative of differ- 


_ ences in aggregation, interaction, and orientation of the phage particles 


in the ultracentrifuge cell at the different pH values. It is not known 
whether other viruses show this anomalous behavior at very low concen- 
trations, for their sedimentation rates have not been accurately measured 
under these conditions. Only the exceedingly great ultraviolet light- 
absorbing power of the bacteriophage makes its sedimenting boundary 
visible at concentrations as low as 13 y per ml. It has been customary to 
take as the true sedimentation constant the value obtained from extra- 
polation to zero concentration. A statement of a single sedimentation 
constant characteristic of the T, bacteriophage at infinite dilution is clearly 
impossible, as the usual methods of extrapolation do not apply. 

The extent to which the experiments with lucite models can be employed 
in explaining the phenomenon of the two sedimentation rates of the bac- 


_eriophage remains uncertain. It is clear that the sedimentation of such 


large models at comparatively high speeds is not influenced by the violent 


* Cooper, G. R., Sharp, D. G., Taylor, A. R., Hook, A. E., and Beard, J. W., to be 
reported. 














268 SEDIMENTATION OF BACTERIOPHAGE 


Brownian movement and other effects to which virus particles are subject 
while sedimenting in an ultracentrifuge. Nevertheless, the similarity of 
the behavior of the lucite models in different combinations to that of the 
bacteriophage in relation to salts or pH seems too close to be entirely 


fortuitous. It is apparent from the data of Fig. 7, as might have been | 


deduced from the theories of hydrodynamics, that two general types of 
orientation in fall or sedimentation were encountered in the experiments 
with the models, and that these were associated with and responsible for 
the two levels of sedimentation rate observed. The average of the values 
of relative sedimentation rates of A, B, and C was 96, and that of D, E, P, 
and G was 70. The ratio of the two groups, 96/70 = 1.4, was remarkably 
similar to the ratio of the two sedimentation constants of the bacteriophage 
1022/695 = 1.5 (taken from the graph of Fig. 6 at virus concentration of 
1 mg. per ml. and pH 4.6 and 6.6, respectively). One might say that if the 
virus particles were as well oriented as the lucite models, it has been shown 
that simple aggregation, brought about in different ways, may cause the 
observed dual sedimentation behavior of the intact bacteriophage. It is 
difficult to conceive the nature of factors which might be responsible for the 
aggregation of two or more units under some conditions with head pieces 
all in the same direction and under others with head pieces and tails in 
opposite directions. On the other hand, however, if the findings with the 
lucite models are considered as indications of the behavior of the phage 
particles, a simple explanation of the two boundaries is at once apparent 
on the assumption that Seo = about 1000 X 10-' represents the phage 
particles dispersed as units and that S20. = about 700 X 10-"* indicates a 
state of heterogeneous aggregation. Either of these states might readily 
occur. Some support for the assumption is at hand, for CaCl, has been 
useful in the dispersion, not only of the bacteriophage, but of the equine 
encephalomyelitis (13) and influenza (14) viruses to facilitate electron 
micrography. In addition, electron micrographs of the bacteriophage 
from distilled water reveal the presence of the particles in heterogeneous 
aggregates. 

It is difficult to predict the possible ratio of sedimentation rates of vari- 
ous groups of these lucite models if they were subject to complete disorien- 
tation during the process of sedimentation. Qualitatively, however, it 
seems reasonable to predict a ratio considerably less than the observed one. 
Experiments designed to study the degree of orientation of the bacterio- 
phage in sedimentation runs are in progress, and the results will be pub- 
lished later. 

A further deduction may be made from these experiments; namely, that 
boundaries resulting from dynamic equilibrium between the two possible 
states of dispersion mentioned above do not seem to occur, for they would be 
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seen in the region between Sz = about 700 X 10-" and S.° = about 1000 
x 10-*, where none has been observed. Such boundaries would be ex- 
pected to vary continuously in sedimentation rate from So» = about 700 
X 10-8 to Syoe = about 1000 X 10-" with changes in the environment. 
As noted above, no discontinuity in the level of infectivity of the phage was 
see at pH 5.8 with the transition of Syo = about 1000 X 10-" to Sie = 
about 700 X 10-*. It is not possible, however, to use this finding for 
interpretations relative to hypothetical states of aggregation. Measure- 
ments of infectivity (enumeration of lytic units) were made in high dilutions 
of the phage in which the concentration of the agent was far below that 
employed in the ultracentrifugal studies. In addition, the counts of lytic 
ynits were made on the host organism in media of about pH 6.5 to 7.0, 
where only the boundary So = about 700 X 10-'* was evident under the 
conditions of titration. 


SUMMARY 


The pH range of stability of bacteriophage T, infectivity extended from 
pH 5 to 9. Physical stability of the dispersed particles, determined in 
sedimentation diagrams, extended through the region of pH 4.6 to 9.5. 
Below pH 4.5, the phage precipitated but the particle remained intact as 
low as pH 3.6, as determined by studies on material redispersed at pH 6.6. 
At pH 10.4, two components were seen, S = 448 X 10-° and S = 13.4 X 
10-* (not corrected for viscosity or density of the suspending medium). 

Two sedimentation constants were observed individually in relation to 
pH: below pH 5.8 the single sharp boundary had a constant of Sy = about 
1000 X 10-5, and above this level there was a single sharp boundary of 
Sie = about 700 X 10-%. At pH 5.8, both boundaries were seen to- 
gether, the slower sedimenting component being predominant. 

At pH 4.6, the sedimentation constant S2o» = about 1000 X 10-" was 
linearly related to bacteriophage concentrations from 0.125 to 3.7 mg. per 
ml. A sharp decrease in the constant occurred at the concentration of 
0.041 mg. per ml. Similar relations at the level of Sx» = about 700 X 
10-* were seen at pH 6.6, where the sharp decrease in the rate relative to 
concentration occurred at 0.013 mg. of bacteriophage per ml. 

A study of lucite models constructed on the lathe in the shape and pro- 
portions of the bacteriophage estimated from electron micrographs showed 
that the rate of sedimentation of single units and combinations of the 
units in salt solution was dependent chiefly on orientation in fall. One 
unit and combinations of more than one unit arranged with tail pieces in 
the same direction fell at closely similar rates, while the rates of combina- 
tions with tails in opposite directions occurred at a different level. The 
ratio of the two levels of rates of fall of the lucite models was exceedingly 
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close to that of the two levels of sedimentation rate of the bacteriophage 
related to pH or to the presence of CaCl, reported in previous work. 


— 


CON SD Or & bo 


12. 
13. 


14. 


BIBLIOGRAPHY 


. Hook, A. E., Beard, D., Taylor, A. R., Sharp, D. G., and Beard, J. W., J. Biol, 


Chem., 165, 241 (1946). 


. Taylor, A. R., J. Biol. Chem., 166, 271 (1946). 
. Anderson, T. F., J. Cell. and Comp. Physiol., 25, 1 (1945). 


Kalmanson, G., and Bronfenbrenner, J., J. Gen. Physiol., 23, 203 (1939). 


. Delbriick, M., and Luria, 8. E., Arch. Biochem., 1, 111 (1942). 

. Wyckoff, R. W. G., and Lagsdin, J. B., Rev. Scient. Instruments, 8, 74 (1937). 

. Beard, J. W., Finkelstein, H., and Wyckoff, R. W. G., J. Immunol., 36, 415 (1938). 
. Finkelstein, H., Marx, W., Beard, D., and Beard, J. W., J. Infect. Dis., 66, 117 


(1940). 


. Miller, G.I ., J. Exp. Med., 80, 507 (1944). 
. Beard, J. W., and Wyckoff, R. W. G., J. Biol. Chem., 123, 461 (1938). 


ll. 


Sharp, D. G., Taylor, A. R., McLean, I. W., Jr., Beard, D., and Beard, J. W., 
J. Biol. Chem., 156, 585 (1944). 

Sharp, D.G., Taylor, A. R., and Beard, J. W., J. Biol. Chem., 163, 289 (1946). 

Sharp, D. G., Taylor, A. R., Beard, D., and Beard, J. W., Arch. Path., %, 167 
(1943). 

Taylor, A. R., Sharp, D. G., Beard, D., Beard, J. W., Dingle, J. H., and Feller. 
A. E., J. Immunol., 47, 261 (1943). 











riophage 
k. 


>I. Biol. | 


937). 
15 (1938). 
., 66, 117 


d, J. W., 


946). 
-» 36, 167 


id Feller, 














CHEMICAL ANALYSIS OF THE T, BACTERIOPHAGE AND ITS 
HOST, ESCHERICHIA COLI (STRAIN B)* 


By A. R. TAYLOR 


(From the Department of Surgery, Duke University School of Medicine, Durham, North 
Carolina) 


(Received for publication, May 29, 1946) 


A particulate component of characteristic morphology and behaving 
biologically as the T; bacteriophage of Escherichia coli (strain B) has been 
isolated by centrifugation (1) from lysates of the host grown in nutrient 
broth and in synthetic saline medium. The purified bacteriophage con- 
centrates exhibited a high degree of homogeneity with respect to particle 
kind in electron micrographs (1, 2), and of uniformity in size, shape, and 
density of the particles in ultracentrifugal sedimentation diagrams (1, 3). 
No material extraneous to the particles of characteristic form was evident 
in significant amounts by either method of examination. 

Previous work by other investigators (4-8) on concentrates of various 
bacteriophages has revealed the presence of protein, carbohydrate, and 
nucleic acid, the latter in high concentration. Schlesinger (4) demonstrated 
an undetermined amount of presumably lipide material in concentrates of a 
phage of Bacillus coli and Pollard (7), corroborating the findings of Schlesin- 
ger with respect to protein and nucleic acid, found, in addition, much carbo- 
hydrate. Preliminary chemical analyses (1) have shown that the T; bac- 
teriophage of Escherichia coli is a complex of protein, lipide, and a large 
amount of nucleic acid, findings contrary to those of Kalmanson and 
Bronfenbrenner (9), who demonstrated only traces (0.07 per cent) of 
phosphorus. In the work reported here, the chemical analysis of the T; 
bacteriophage has been extended in a more detailed study of the elementary 
and component constitution of the agent obtained from both broth and 
synthetic medium lysates. In addition, it has seemed likely that a direct 
comparison of the chemical nature of the infectious entity, itself, with that 
of its single cell host organism, might reveal information providing some 
insight into the host-virus relationship. Consequently, analyses have been 
made in parallel on washed concentrates of the host organism, Escherichia 
coli (strain B). The present paper’ is concerned with a description of the 
results obtained. 


* This work was supported chiefly by a grant to Duke University from the Lederle 
Laboratories, Inc., Pearl River, New York, and in part by the Dorothy Beard Re- 
search Fund. 

‘The results reported here were described before the Division of Biological Chem- 
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Materials and Methods 


The derivation of the bacteriophage analyzed in the present work has 
been described (1); much of the material was from the same preparations 


as those employed for ultracentrifugal (1, 3) and electron micrographic | 


examinations (1, 2). 

Concentrates of Escherichia coli were isolated from cultures in broth and 
in synthetic medium (1) by centrifugal procedures (1, 10) comparable to 
those used for purifying the bacteriophage. The cultures were prepared 
in batches of 15 to 18 liters distributed in 1500 ml. volumes in 2 liter Flor- 
ence flasks. The seed inoculum of bacteria for the large volumes was pre- 
pared in 50 ml. of the respective media in 125 ml. Erlenmeyer flasks, which 
were inoculated with 0.1 ml. of an 18 to 24 hour broth culture of Escherichia 
coli and then incubated for 18 hours at 37°. To each 1500 ml. volume of 
medium, previously warmed to 37°, there were added 30.0 ml. of the seed 
inoculum. The flasks were incubated for 8 hours at 37° with vigorous 
mixing, manually, every 15 minutes. Stained preparations from the in- 
dividual 1500 ml. cultures were examined? microscopically at the end of 8 
hours, the cultures were pooled, and isolation of the bacteria was begun 
immediately. The initial sedimentation of the bacteria was carried out in 
the standard 160 ml. separator bowl of the Sharples centrifuge, rotating 
40,000 r.p.m. (39,000g at the bowl periphery). The culture fluid was 
passed through at the rate of 14 liters per hour and was followed by 2 liters 
of chilled, sterile 0.9 per cent NaCl solution to remove the final 160 ml. of 
culture medium. The bowl was plugged (10) before rotation ceased, re- 
moved from the centrifuge, and shaken vigorously for 15 to 20 minutes to 
resuspend the bacteria in the 160 ml. of saline solution. The concentrated 
bacterial suspension was washed into a sterile beaker with 20 to 30 ml. 
portions of sterile 0.9 per cent NaCl solution, with aseptic (with respect to 
extraneous organisms) precautions. The suspension was diluted to 400 
ml., transferred to 100 ml. lusteroid tubes, and cleared of gross aggregates 
and a small quantity of flocculated, brown pigmented material by spinning 
in the horizontal centrifuge (International centrifuge No. 2) at 1000g for 
5 minutes. The milky white suspension was siphoned into sterile 100 ml. 
lusteroid tubes and completely sedimented in 30 minutes at 3000g in the 
angle centrifuge. The clear supernatant fluid was poured off and dis- 
carded. The large white putty-like pellets were resuspended in 200 ml. 





istry at the meeting of the American Chemical Society at Atlantic City, New Jersey, 
April 8-12, 1946. 

? The samples of Escherichia coli analyzed were obtained during the course of the 
studies on bacteriophage. There was never any evidence, microscopic or cultural, 
of contamination with other organisms. 
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of sterile saline with the aid of glass beads. The sequence of horizontal and 
angle centrifugation was repeated three additional times. After the final 
sedimentation, the pellets were suspended in a volume of 50 to 75 ml. of 
sterile 0.9 per cent NaCl solution. All transfers were made under ultra- 
violet light (10), and all centrifugation was carried out with the material 
in closed sterile tubes. 

Qualitative Analysis—The qualitative chemical findings with concentrates 
of the bacteriophage from both broth and synthetic medium cultures have 
already been reported (1). The usual protein tests applied to the bacterial 
concentrates, biuret, ninhydrin, Millon’s, and xanthoproteic, were posi- 
tive. The Molisch reaction was immediately positive and became progres- 
sively stronger with standing of the mixture. The Sakaguchi test was 
negative, and the Ehrlich benzaldehyde test for tryptophane was positive. 
Astrongly positive pentose reaction was obtained with Bial’s reagent (or- 
cinol-HCl-FeCl;). Both the Schiff and diphenylamine tests were positive. 
A green color was obtained on heating 10 minutes in the water bath at 100° 
with tryptophane and perchloric acid (11). Spectrophotometric examina- 
tion of an isoamy] alcohol extract of the chromogenic material revealed a 
curve characteristic of ribopentose (sodium thymonucleate and yeast 
nucleic acids were used as controls). This is in direct contrast to the result 
of the comparable experiment (1) with bacteriophage in which a red chromo- 
genic material showed a curve characteristic of desoxypentose. 

Quantitative Analysis—Concentrates obtained from large pools of start- 
ing material, as described above, and containing 100 to 200 mg. of bac- 
teriophage from each type of medium and 0.5 to 2 gm. of bacteria from the 
respective media were dialyzed against running distilled water at 2-8° for 
72 to 96 hours, frozen with dry ice, and lyophilized. The bacteriophage 
and bacterial preparations were treated and analyzed in identical ways. 
The results of elementary and component analyses of the four materials 
and fractions are given in Tables I and IT. 

Analyses for carbon, nitrogen, phosphorus, and carbohydrate were 
made on the whole bacteriophage complex and on the unfractionated 
bacterium. Samples of 4 to 7 mg. of the frozen and dried materials were 
Weighed into small Pyrex boats. After the samples were dried to constant 
weight at 40-45° over P,O;, the weights were taken in closed weighing 
bottles. Carbon was determined by wet combustion (12), nitrogen by the 
semimicro-Kjeldah] method with the digestion mixture described by Kirk, 
Page, and Van Slyke (13), phosphorus by the method of Kirk (14), and 
carbohydrate, as glucose, by the method of Tillmans and Philippi (15). 

Fractionation with Lipide Solvents—Two samples of 100 to 150 mg. each 
of the whole bacteriophage or bacterial complex were dried to constant 
weight, as described above. The samples were transferred to 40 ml. 
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extraction tubes provided with ground glass connections and extracted 
with alcohol-ether, 3:1, for 2 hours under a reflux condenser. Details of 
the manner of the transfer of the alcohol-ether-insoluble material to 


TABLE | 


Elementary and Fractional Analyses* of T; Bacteriophage and Its Host, 
Escherichia coli (Strain B) 


















































| Synthetic : Synthetic 
| =... - La eke Koad rng! 
| Whole | Frac- | Whole | Frac- | Whole | Frac-| Whole | Frac. 
complex| tion |complex| tion jcomplex] tion |complex| tion 
Whole com- | Carbon 42.0 42.3 49.1 49.0 
plex Nitrogen 13.5 v13.3 13.2 13.2 
Phosphorus 4.84 5.22 2.72) 2.66 
Carbohydratef | 13.6 11.7 12.5 | 11.6 
Alcohol- By difference 6.3 1.72 7.98 8.85 
ether- Carbon 2.56, 40.6 | 1.36) 79.0 | 6.00)75.3 | 5.72)64.7 
soluble Nitrogen 0.19} 3.0 |% 0.10 0.16 0.17 
fraction | Carbohydratet| 0.23) 3.7 | 0.05 0.13 0 
Non-lipide 3.70) 58.8 0.23 
Petroleum | Total lipidet 2.61 1.77 7.61 8.83 
ether- Carbon 2.00) 76.6 | 1.36) 76.8 | 5.07/65.5 | 5.89)66.7 
soluble Nitrogen 0 40 0.17 0.16 
fraction Phosphorus 0 0 0.33 0.39 
Alcohol- By weight 93.7 98.3 92.0 91.2 
ether- Carbon 39.6 | 42.3 | 41.4 | 42.1 | 42.9 |46.7 | 43.0 /47.3 
insoluble | Nitrogen 13.2 | 14.1 |#13.3 | 13.5 | 13.1 [14.2 | 13.0 [14.3 
fraction Phosphorus 4.86) 5.20) 5.20) 5.29) 2.40) 2.61) 2.22) 2.44 
DNA§ P | 3.99) 4.26) 4.41) 4.49) 0.52) 0.57) 0.24) 0.26 
RNA§ “ | 0.62) 0.65) 0.12) 0.13} 1.81) 1.97) 1.97) 2.16 
Other “ 0.26) 0.27, 0.66) 0.67} 0.07) 0.08} 0.02) 0.02+ 
Carbohydratef | 13.1 | 14.0 | 11.2 | 11.3 | 11.2 12.2 | 11.8 |13.0 











* Each of these values represents the percentage of dry weight of the whole com- 


plex or fraction. 
t The carbohydrate values are expressed as glucose. 
t The total lipide values of the bacteriophage = carbon values X 1.3; those of 


the bacterium = carbon values X 1.5. 
§ DNA designates desoxypentose nucleic acid; RNA designates ribopentose 


nucleic acid. 


tared, sintered glass filter and the collection of the alcohol-ether fraction ma 
50 ml. volumetric flask have been described (16). The alcohol-ether-in- 
soluble fractions were dried to constant weight. Each of the respective 
values in percentage by weight shown in Table I is the average of two 
independent weights (of the two samples), which in all cases showed an 
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agreement of 1 per cent or better. The percentage of alcohol-ether-soluble 
material was found by difference. Alcohol-ether-soluble carbon and nitro- 
gen were determined (13) in 2.0 and 5.0 ml. aliquots and carbohydrate was 
determined (15) in 10.0 ml. aliquots after evaporation to dryness. Aliquots 
of 5.0 ml. were examined (13) for total cholesterol. 

To obtain the total lipide values, a 25 ml. aliquot was withdrawn from 
each of the duplicate alcohol-ether fractions. The two aliquots were 
combined in a beaker and evaporated to dryness at 58°. The residue was 





TaBLe II 
Component Constitution* of T; Bacteriophage and Its Host, Escherichia coli 
(Strain B) 
Lipide Non-lipide 





Carbo- | Nucleic acidt 
hy 





Phos- Chotes- Neutra Total 



































Total | pee esnal at Protein dcet ote a 
—— — 

Broth bacteriophage..| 2.61§ | 0 0 | 2.61 | 97.4 | 50.6 | 13.6 | 40.3! 6.6 
Synthetic medium 

bacteriophage...... 1.77§ | 0 0 1.77 | 98.2 | 52.4 | 11.7 | 44.6} 1.3 

Broth E. coli.........| 7.75|| | 7.75 | 0 | 0 92.3 | 67.9 | 12.5} 5.2) 19.1 
Synthetic medium £. 

Ee 9.11)| | 9.11 0/90 90.9 | 67.7 | 11.6 | 2.4 | 20.9 








* Each of these values represents percentage of dry weight of the whole complex. 

t Expressed in terms of glucose. 

t DNA = desoxypentose nucleic acid; RNA = ribopentose nucleic acid. To ob- 
tain the nucleic acid values, the DNA phosphorus values of the alcohol-ether-in- 
soluble fraction were multiplied by 10.1; the RNA phosphorus values were multi- 
plied by 10.6. 

§ The total lipide values for the bacteriophage were calculated by multiplying the 
carbon values given in Table I by the factor 1.3. 

| The total lipide values of the bacterium were calculated as phosphatide from 
the phosphorus content of the petroleum ether-soluble fractions given in Table I. 


extracted with five 5 ml. portions of redistilled petroleum ether which had 
been washed with concentrated H:SO,. The petroleum ether extracts were 
filtered into a 25 ml. volumetric flask. Carbon, nitrogen, and phosphorus 
were determined (13) in 2.0 and 5.0 ml. aliquots. Total lipide values 
(Table I) for the bacteriophage preparations were calculated from the 
carbon values of the petroleum ether-soluble fraction, with the factor 1.3 
(the factor for neutral fat). The analogous total lipide values for the 
bacterium were obtained by multiplying the carbon value by 1.5 (the factor 
for phospholipide). 

Alcohol-Ether-Insoluble Fraction—Samples of the non-lipide fraction 
were dried to constant weight for the determination of carbon, nitrogen, 
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and carbohydrate, as described for the samples of whole complex. For the 
determination of the total alcohol-ether-insoluble phosphorus and frae- 
tionation into DNA phosphorus (desoxypentose nucleic acid phosphorus), 
RNA phosphorus (ribopentose nucleic acid phosphorus), and inorganic 
or protein phosphorus (designated as “other”? phosphorus in Table I), a 
modified micro technique based upon the method of Schmidt and Thann- 
hauser (17) was employed. The alcohol-ether-insoluble fractions of the 
bacteriophage and the bacterium were analogous to Schmidt and Thann- 
hauser’s extracted tissue powder. Samples of the bacteriophage fractions 
weighing 15 to 18 mg. (constant dry weight) and of bacteria weighing 25 
to 30 mg. were placed in 20.0 ml. volumetric flasks with 15 ml. of 5 per cent 
KOH solution. The flask, closed with a glass stopper, was incubated at 
37° for 15 to 18 hours. The material was completely dissolved at the end 
of this period. The flask and contents were cooled to room temperature, 
and the volume was made up to 20 ml. A 2ml. aliquot of this solution was 
taken for the total phosphorus determination by the method of Kirk (14). 
A 15 ml. aliquot was transferred to a tube graduated at 20 ml. and the 
desoxypentose nucleic acid precipitated by the addition of 3.0 ml. of 6x 
HCl and 2.0 ml. of 20 per cent trichloroacetic acid. The mixture, chilled 
in an ice bath and stirred frequently during a 15 minute period of standing, 
yielded a well flocculated precipitate. The latter was removed by filtra- 
tion (Whatman paper No. 50, with very gentle suction) and the total acid- 
soluble organic and inorganic phosphorus determined in a 5.0 ml. aliquot 
of the filtrate. The inorganic or other phosphorus was precipitated accord- 
ing to Delory (18) from a 10.0 ml. aliquot of the filtrate. The respective 
phosphorus values (Table I) and the nucleic acid values shown in Table II 
were calculated as described by Schmidt and Thannhauser (17). 

In view of the low content of ribopentose nucleic acid of the synthetic 
medium bacteriophage, as shown in Table II, the phosphorus fractionation 
of this material was repeated with another 20 mg. sample. The results 
were 5.10 per cent total alcohol-ether-insoluble phosphorus, 4.40 per cent 
DNA phosphorus, 0.13 per cent RNA phosphorus, and 0.54 per cent other 
phosphorus, values corroborating those of Table I. As a further control 
experiment, a mixture containing known amounts of DNA, RNA, and 
casein was analyzed in the manner described for the bacteriophage prepa- 
rations. The mixture contained 1.02, 0.26, and 0.09 hg. of DNA, RNA, 
and casein phosphorus, respectively; the amounts found on analysis were 
0.98 mg. of DNA, 0.25 mg. of RNA, and 0.1 mg. of casein phosphorus. 

Determinations of the nucleic acid content of the bacterium and the 
bacteriophage from broth were made also by means of the perchloric acid- 
tryptophane method of Cohen (11). The value, 19.1 per cent, obtained 
for the bacterium was identical with the amount of ribopentose nucleic acid 














I A 





‘or the 
1 frae- 
horus), 
ganic 
el),a 
Thann- 
of the 
Thann- 
actions 
ing 25 
er cent 
ited at 
he end 
rature, 
on was 
k (14). 
nd the 
of 6N 
chilled 
nding, 
’ filtra- 
il acid- 
aliquot 
yecord- 
nective 
able II 


nthetic 
nation 
results 
pr cent 
t other 
control 
A, and 
prepa- 
RNA, 
is were 


us. 
nd the 
¢ acid- 
tained 


ic acid 











A. R. TAYLOR 277 


determined by the method of Schmidt and Thannhauser. In the instance 
of the bacteriophage, the value was 42.0 per cent, which was slightly higher 
than the amount of desoxypentose nucleic acid found by the other method. 

The determined or calculated component constitutions of the bacterio- 
phage isolated from the two media and of the corresponding preparations 
of bacteria are given in Table II. The total lipide values for the phage 
preparations were calculated from the carbon values of the petroleum ether- 
soluble fractions, while the total lipide values for the bacterial prepa- 
rations were calculated from the petroleum ether-soluble phosphorus values. 
Total non-lipide is expressed as the difference between the whole complex 
and the total lipide value. The protein value represents the total non- 


TaB.e III 
Apparent Partial Specific Volume of T; Bacteriophage of Escherichia coli (Strain B) 




















Broth Bacteriophage 33 Broth Bacteriophage 34 Synthetic Bacteriophage 39 
a | 7 5 
tx. | concen | Arma | Ute: | conzem | Appar | Site | Conn | Aart 
E | of phage | Shee owes | of phage | be ou oe phage | YOhume 
ms. per ml. | me. per ml. | img. per mi. 
1 | 7.94 | 0.6542 | 1 | 7.33 | 0.6588 | ae oe | oem 
1 | 7.94 | 0.6551 | 1 | 7.83 | 0.6589 1 | 5.08 | 0.6687 
1 | 7.94 | 0.6538 | | | -/~ 5.08 | | 0.6709 
2 | 7.47 | 0.6542] 2 6.63 | 0.6584 | 
2 | 7.47 | 0.6559 | 2 6.63 | 0.6544 | 
2 2 6.63 | 0.6553 | 


7.47 | 0.6533 | 





*The number of times the material was sedimented in the vacuum type ultra- 
centrifuge; each preparation had been sedimented one additional time (the initial 
preliminary concentration) in the Sharples centrifuge. 


lipide value minus the total nucleic acids. The carbohydrate values are 
those of the respective whole complexes. 

Apparent Partial Specific Volume of T, Bacteriophage—For the estima- 
tion of partial specific volumes, concentrates containing 5.0 to 8.0 mg. of 
bacteriophage per ml. of suspension in a solution composed of 0.9 per cent 
NaCl and 0.1 per cent KCl (3) were analyzed by the method described in 
detail for the influenza viruses (19). The partial specific volume was 
calculated by means of the equation given by Kraemer (20). The values 
obtained for the apparent partial specific volume of two individual batches 
of T; bacteriophage from broth lysates are shown in Table III. After the 
first ultracentrifugal cycle, replicate determinations were made; the mate- 
rials were then diluted to 120 ml., angle centrifuged, and again ultracen- 
trifuged. The replicate determinations on the material after the second 
ultracentrifugation were virtually identical with those obtained after the 
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first ultracentrifugation. Partial specific volume determinations on the 
synthetic medium bacteriophage were made on material ultracentrifuged 
only once, owing to the instability of the agent. The replicate values 
obtained with a representative batch of bacteriophage from synthetic 
medium are shown in Table III. The reciprocal of the average apparent 
partial specific volume of the broth bacteriophage indicates an approximate 
dry density of 1.52, which is in accord with the chemical composition of the 


material. 
DISCUSSION 


The ultracentrifugal and electron micrographic evidence of the physical 
homogeneity of the bacteriophage concentrates selected for the present 
study has already been described (1-3). An index of the chemical homo- 
geneity is seen in the constancy of the values of apparent partial specific 
volume, Table III, which indicates a chemical and physical entity of 
uniform composition. These results with the bacteriophage were similar 
in this respect to those with the influenza viruses (19), which are entities 
of constant composition having a limiting partial specific volume charac- 
teristic for each strain. 

The apparent partial specific volume of the bacteriophage was in accord 
with its chemical composition, and the level of the values for the broth 
bacteriophage did not change on repeated ultracentrifugation. Though 
instability (1) attending repeated ultracentrifugation precluded a like study 
on the agent from synthetic medium, this material nevertheless gave values 
after a single ultracentrifugation closely similar to those observed for the 
broth bacteriophage. 

The results of the chemical examinations given in Tables I and II show 
that the T;, bacteriophage consists of protein, a small proportion of lipide, 
and a very high content of nucleic acid. The nucleic acid, Table II, con- 
sisted of both desoxypentose and ribopentose types, the former in a con- 
siderably larger amount than the latter. Significant differences between 
the bacteriophage derived from broth medium lysates and that from syn- 
thetic medium lysates were evident in the distribution of the two types of 
nucleic acid (Table II), as determined in the alcohol-ether-insoluble frac- 
tion (Table I) by the phosphorus fractionation method of Schmidt and 
Thannhauser (17). Attempts to dissociate the nucleic acid and protein 
directly in the whole complex suspended in NaCl solution by the method 
of Hammersten (21) were unsuccessful ; the bacteriophage complex remained 
intact. Though the total amount of nucleic acid of the broth phage, 
determined on the basis of phosphorus, was essentially the same as that of 
the synthetic medium phage, the content of the ribopentose type of the 
former was five times as great as that of the latter. Another significant 











—* ete ost — 


o_auz5°pesewdit: x 


mn the 
ifuged 
values 
thetic 
arent 
‘imate 
of the 














A. R. TAYLOR 279 


difference, Tables I and II, between the broth bacteriophage and that 
from synthetic medium was in the content of lipide. 

Extraction of the broth bacteriophage with alcohol-ether resulted in 
solution of 6.3 per cent (Table I) of the weight of the complex. Of this 
amount, slightly less than half, 2.61 per cent of the whole complex, was 
soluble in petroleum ether in subsequent extraction. The nature of the 
major portion of the non-lipide material soluble in alcohol-ether, 3.7 per 
cent of the whole complex, was not established; a small proportion, 3.7 
per cent of the alcohol-ether-soluble fraction, reacted with orcinol-sulfuric 
acid. In the instance of the synthetic medium phage, the material ex- 
tracted from the complex by alcohol-ether was essentially all lipide, com- 
pletely soluble in petroleum ether. 

The total lipide content of the bacteriophage, Table I, was considerably 
lower than the 10.4 per cent of extractable lipide reported for a Bacillus 
coli phage studied by Pollard (7) and McIntosh and Selbie (8, 22). The 
methods used for extraction were not described in detail. Schlesinger (4) 
recorded the finding of ether-extractable lipide in a Bacillus coli phage but 
gave no values. This author also stated that after acid hydrolysis con- 
siderably larger quantities of ether-soluble material, in excess of that 
directly soluble in ether, were obtained. In the course of the present 
work, samples of the alcohol-ether-insoluble fractions of the bacteriophage 
were examined for firmly bound lipide by reextracting with alcohol-ether, 
1:1, acidified with hydrochloric acid (0.1 N total acid concentration). 
The acid alcohol-ether extracts contained no petroleum ether-soluble lipide 
but did contain 10 to 12 per cent (of the dry weight of the whole com- 
plex) of nitrogenous bases, apparently split off from the nucleic acids. 
No phosphorus was extracted by the acid alcohol-ether. 

In the lipide or petroleum ether fraction of the bacteriophage, there was 
no nitrogen or phosphorus and, therefore, no phospholipide. Cholesterol 
was, likewise, absent, and the lipide was calculated as neutral fat. As seen 
in Table II, the amount of lipide in the broth bacteriophage was signif- 
icantly greater, 35 per cent, than that in the phage from synthetic medium. 

The alcohol-ether-insoluble fractions, Table I, contained the protein 
and nucleic acids. The weight percentages agreed well with the total 
lipide found in the petroleum ether-soluble fraction of the synthetic medium 
phage, but not in the case of the broth bacteriophage, as noted above. The 
principal differences between the broth and the synthetic medium phage are 
seen in the total aleohol-ether-insoluble phosphorus values and the distribu- 
tion of this phosphorus into DNA, RNA, and “other” phosphorus. Phos- 
phorus other than that in nucleic acid, presumably inorganic or associated 
with protein, was present in both broth and synthetic medium phage, 
considerably more in the latter than in the former. It might be considered 
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that this represents inorganic phosphorus carried over in the purification 
process from the synthetic medium. This is questionable, since the bac. 
teria grown in synthetic medium contain the least amount of other phos. 
phorus, 0.02 per cent, as shown in Table I. There may exist, however, 
differences in the adsorptive properties of the two materials (bacteriophage 
and bacterium) for phosphate. The carbohydrate content of the alcohol- 
ether-insoluble fraction of the bacteriophage was similar to that of the 
whole complex, Table I, confirming the absence of appreciable amounts 
of carbohydrate in the alcohol-ether-soluble material. 

It is of interest to note that the total carbohydrate content of the bac- 
teriophage is approximately one-half that to be expected if all of the carbo- 
hydrate present in the whole complex is associated with the nucleic acids, 
With orcinol and sulfuric acid, the pyrimidine nucleotides and nucleosides 
are hydrolyzed incompletely (23). It would thus appear that no carbo- 
hydrate is present in the bacteriophage other than that associated with the 
nucleic acids. 

The findings obtained with the bacterium, given also in Tables I and II, 
show that the Escherichia coli organism, too, is a complex of protein, nucleic 
acid, and lipide. The nitrogen content of the whole bacterial complex was 
about the same as that of the phage, but the carbon content was consider- 
ably greater, related probably to the higher lipide content, Tables I and 
II. The carbohydrate content of the bacterium was approximately the 
same as that of the phage, but, as noted below, probably differed with 
respect to constitutional relations within the bacterium. 

The material of the bacterium soluble in alcohol-ether was soluble like- 
wise in petroleum ether, as shown by the close agreement of the findings, 
Table I, with these two fractions. In contrast with that of the bacterio- 
phage, the lipide of the bacterium contained nitrogen and phosphorus. 
The atomic ratio of the elements was 1:1, indicating a lecithin type of 
phospholipide. Neither neutral fat, found in the phage, nor cholesterol 
was present. In view of the difference between the bacteriophage and the 
bacterium, it would be difficult to consider either the neutral fat or the 
phospholipide as a contaminant carried over in the process of purification. 
The total lipide ¢ontent of the bacterium was considerably greater than 
the lipide content of the phage, and slightly more was seen in the bacterium 
grown in broth than that in synthetic medium. The total bacterial lipide 
observed here was much higher than the 1.6 per cent of extractable lipide 
found by Pollard (7). Leach (24), Dawson (25), and others have shown 
that the age, conditions of growth, and especially the composition of the 
culture medium markedly influence the composition of Escherichia colt. 

The nucleic acid of the bacterium, approximately half the amount found 
in the bacteriophage, also consisted of both desoxypentose and ribopentose 











ification 
the bac- 
er phos- 
owever, 
lophage 
alcohol- 
| of the 


mounts 


he bac- 
2 carbo- 
ic acids, 
leosides 
. carbo- 
vith the 


and II, 
nucleic 
lex was 
nsider- 
s I and 
ely the 
d with 


le like- 
ndings, 
cterio- 
»horus. 
ype of 
esterol 
ind the 
or the 
cation. 
r than 
terium 
 lipide 
) lipide 
shown 
of the 
a colt. 
found 
entose 














A. R. TAYLOR 281 


types, as shown by phosphorus fractionation of the alcohol-ether-insoluble 
fraction. In the bacterium, however, the ribopentose type was predom- 
inant. Schaffer, Folkoff, and Bayne-Jones (26) isolated a nucleic acid 
preparation from Bacillus coli w hich contained approximately the amount 
of phosphorus required for a ribopentose nucleic acid. Guanine was 
found by these authors, but the pentose reaction was reported to be nega- 
tive. As in the case of the bacteriophage, the ratio of the two types of 
nucleic acid varied in relation to the medium used, but in contrast with the 
synthetic medium phage, the desoxypentose nucleic acid was less in amount 
in the synthetic medium bacterium. The carbohydrate of the alcohol- 
ether-insoluble material agreed closely with the values for the whole com- 
plex. In contrast with the phage, the amount of carbohydrate of the 
bacterium, 12 per cent, was greater than could have been bound in the 
nucleic acid present. Since complete recovery of all of the carbohydrate 
of the nucleic acid was unlikely (23), and judging from the proportion of 
carbohydrate to nucleic acid found in the bacteriophage, it appears prob- 
able that the bacterium contains significant amounts of carbohydrate not 
associated with nucleic acid. 

In so far as comparisons can be made, the constitution of the T; bac- 
teriophage of Escherichia coli appears similar, qualitatively, to the agents 
studied by Schlesinger (4), Pollard (7), and McIntosh and Selbie (8). 
Certain quantitative differences were evident, but it should be borne in 
mind that the agents studied by these authors may not have been identical 
with the strain, T;, examined here. It can scarcely be assumed that all 
bacteriophages of Escherichia coli will have the same constitution and, 
consequently, a detailed comparison of quantitative differences would not 
be significant. Cohen,* however, in a study of the T, bacteriophage, has 
found a smaller amount of phosphorus, 3.8 per cent, than the amounts, 
4.84 and 5.22 per cent, found here. The differences may well be related 
to the type of medium, sodium lactate (Friedlein), used by Anderson (27), 
who furnished the material analyzed by Cohen,? and the broth and the 
sodium lactate-free NH,Cl media employed in the present work. Cohen? 
found only desoxypentose nucleic acid with the perchloric acid-trypto- 
phane method (11), in an amount which was in agreement with the 3.8 
per cent of phosphorus. With this method (11), it was not possible in the 
present work to demonstrate quantitatively small amounts of one type of 
nucleic acid in the presence of relatively large quantities of the other type. 
The results found in the present studies are almost entirely at variance with 
those on the T, phage obtained by Kalmanson and Bronfenbrenner (9). 
These authors found only 0.07 per cent of phosphorus in T; bacteriophage 


*Cohen, S. S., personal communication. 
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isolated from sodium lactate medium by means of ultrafiltration, and the 
nitrogen values were too variable for judgment of their significance. The 
elementary analyses of the T, bacteriophage reported here were similar to 
the results obtained by Northrop (6) with a staphylococcus bacteriophage, 
with the exception of the carbohydrate value of 1.5 per cent. 

The T, bacteriophage exhibits a morphological and constitutional com- 
plexity resembling that of the animal viruses more closely than that of the 
corresponding agents of plant diseases, except in the high total content of 
nucleic acid, which is comparable to the amount found in tobacco ring spot 
virus (28). The presence of both desoxypentose and ribopentose nucleic 
acids also constitutes a difference from the animal viruses previously 
studied ; in the vaccinia (29) and rabbit papilloma (30) viruses, only desoxy- 
pentose nucleic acid has been demonstrated, and in the agent of equine 
encephalomyelitis (31)* only the ribopentose type. Knight (32) has 
reported the presence of the ribopentose type in the influenza virus, though 
only the desoxypentose type has been found in work (16) in this laboratory. 
Ribopentose nucleic acid is the type found in plant viruses. The absence 
of phospholipide and cholesterol constitutes a unique difference between the 
lipide constitution of the bacteriophage and that of the animal viruses. 
While the bacteriophage contains only neutral fat, in all other cases in which 
lipide has been found associated as an integral part of a virus complex, 
phospholipide, cholesterol, and neutral fat have all been present (16, 29, 
31, 32),* usually in definite proportions characteristic of the virus or its 
strain. 

The qualitative constitutional similarities of the bacteriophage and the 
host organism, Escherichia coli, are clearly shown in Tables I and II. An 
outstanding difference was observed in the kind of lipide associated with the 
two materials. The atomic ratio, 1:1, of lipide nitrogen and phosphorus 
in the bacterium is that of a phospholipide of the lecithin type which, 
incidentally, resembles lecithins similar to those found in vaccinia (29) 
virus and a normal component (33) of chick embryo tissue. This phos- 
pholipide differs from the analogous constituent of the influenza (16) and 
the equine encephalomyelitis (31)* viruses. Quantitatively, wide differ- 
ences are evident between the structure of the bacteriophage and that of its 
host. Especially notable are the total lipide contents, the distribution of 
the two types of nucleic acid, and the proportional contents of carbohydrate. 

A remarkable character of the bacteriophage was the definite variation 
in size as scen in electron micrographs (1, 2) and chemical constitution as 
described above in relation to the medium in which the host organism was 
cultured. These findings and others, previously discussed (1), indicate 
that the bacteriophage behaves as an autonomous entity, responding like a 


‘Taylor, A. R. Sharp, D. G., Beard, D., and Beard, J. W., unpublished work. 
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living organism to a changing environment. The bacteriophage increases 
only in the presence of the host bacterium and to do so apparently enters 
(34) the host cell. It appears likely that the influence of medium on the 
composition of the bacteriophage is indirect and dependent on a primary 
effect of the medium on the bacterium, an effect disclosed in the variation 
seen in the composition of the bacterial host in relation to the medium. 
A lack of parallelism between the variation of the bacteriophage and that 
of the bacterium was seen in the opposite changes in the proportions of the 
two types of nucleic acid and in the amounts of lipide. It is evident that 
the processes involved in the formation of the phage and responsible for 
its specific constitution are to an extent independent, not only of the qual- 
itative aspects of bacterial metabolism and constitution in a given medium, 
but also of quantitative changes within the bacterium in relation to medium. 


SUMMARY 


Analyses were made of the chemical constituents of the T; bacteriophage 
of Escherichia colt (strain B) obtained from lysates of the host in broth and 
synthetic medium and of the host bacterium cultured in like media. The 
bacteriophage consists of protein, lipide, and nucleic acid. The lipide 
fraction exhibited the behavior of neutral fat, and neither cholesterol nor 
phospholipide was present. There were present both desoxypentose and 
ribopentose nucleic acids, of which the former was greatly predominant. 
The amount of carbohydrate found was approximately half the theoretical 
amount bound in the nucleic acids and was considered to be wholly asso- 
ciated with the nucleic acids. 

The bacterium likewise consisted of protein, lipide, and nucleic acid. 
In contrast with the bacteriophage, the lipide contained nitrogen and phos- 
phorus. The atomic ratio of these elements indicated a phospholipide of 
lecithin type. Neutral fat and cholesterol were absent. The nucleic acid 
consisted, as in the bacteriophage, of the desoxypentose and ribopentose 
types, but, unlike the ratio of these constituents in the virus, the quantity 
of the ribopentose type greatly exceeded that of the desoxypentose type. 
The amount of carbohydrate found was greater than the quantity theo- 
retically associated with the nucleic acids. 

The apparent partial specific volume of the bacteriophage from broth 
lysates was 0.655 and that from synthetic medium lysates was 0.669, values 
in accord with the chemical constitution. 

Variation was seen in the composition of the bacteriophage and in that 
of the hosé in relation to the type of medium in which the bacterium was 
cultured. The quantitative changes in certain of the constituents of the 
bacteriophage, for example the ratio of the two types of nucleic acid, did 
not parallel analogous changes in the bacterium. 
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THE EFFECT OF FORMALDEHYDE ON THE ACIDIC AND 
BASIC PROPERTIES OF WOOL 


By JACINTO STEINHARDT,* CHARLES H. FUGITT, anp MILTON HARRIStf 


(From the Research Laboratory of the Textile Foundation, National Bureau of 
Standards, Washington) 


(Received for publication, May 10, 1946) 


Previous papers have reported the effects of salt concentration (2) and 
temperature (10) on the extent of combination of wool with hydrochloric 
acid and sodium hydroxide. As with other proteins, the tendency of wool 
to combine with acids and bases is also greatly influenced by the presence of 
formaldehyde (3). An investigation of this influence is reported in the 
present paper.! Owing to the special methods which are available for 
studying the combination of wool with base (10), investigation of the 
equilibria involving wool, alkali, and formaldehyde may extend into the 
strongly alkaline range without complications caused by the gradual 
destructive effect of alkali on sulfur-containing proteins. 

The pH values of alkaline solutions of proteins or amino acids are con- 
siderably decreased by the addition of formaldehyde. Over a wide range 
of pH, the effect is such as to make it appear that the presence of formalde- 
hyde increases the acid dissociation constants of certain positively charged 
groups in the protein (principally RNH;* groups from lysine side chains 
in proteins, or the a-amino groups of amino acids). The dissociations of 
other groups (with the possible exception of guanidonium groups) appear 
tobe very little affected. This selective action, which has been investigated 
in great detail (1-3, 15, 16, 21, 22), has been shown to depend on the 
combination of un-ionized amino groups in amino acids with the formalde- 
hyde. Applications of this reaction to the estimation of amino acids, the 
measurement of protein hydrolysis, and the estimation of the primary 
amino groups of various proteins (5, 11-14, 18) are well established. 


Procedure 


Measurements were made of the amounts of hydrochloric acid and potas- 
sium hydroxide combined by wool in the presence of two concentrations of 


* Present address, Operations Evaluation Group, Office of the Chief of Naval 
Operations, Navy Department, Washington, D. C. 

t Present address, Milton Harris Associates, 1246 Taylor Street NW., Washing- 
ton, D. C. 

‘This paper is not concerned with the partially irreversible combination of for- 
maldehyde with proteins, which requires high concentrations of aldehyde and rela- 
tively long periods of time. This combination is important in the production of 
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formaldehyde (0.25 and 1.0 m), over the pH range 3.0 to 13.3. The 
measurements were made at 0°, primarily to minimize decomposition of the 
wool by alkali, but it is also convenient to work at low temperatures,? 
because the dismutaticn of formaldehyde to methanol and formic acid at 
higher temperatures results in the rapid neutralization of base, and 
introduces large errors in the determinations of base bound by wool. 

Details of the purification of the wool, determination of the acid or base 
combined, and correction of the results for the effects of decomposition of 
the wool have been described elsewhere (19, 20). Although formaldehyde 
is a weak acid (pK greater than 13), there was no need to estimate and 
correct the base bound by formaldehyde, because the base bound by wool 
was always determined by comparing the base present at equilibrium in 
aliquots of two solutions identical except for the fact that one contained 
wool and one did not. 

Stock solutions of formaldehyde were freshly prepared by distilling 
paraformaldehyde into water; they were assayed by oxidation of the alde- 
hyde with hydrogen peroxide to formic acid, which was titrated (8). The 
experimental solutions, containing formaldehyde and base, were made up 
at 0° and never exposed to higher temperatures. With alkaline solutions, 
24 hours sufficed for the attainment of equilibrium; with acid solutions, 
48 hours. 

RESULTS AND DISCUSSION 
Effect of Formaldehyde on Titration Curve of Wool 

Titration curves of wool, obtained at a constant ionic strength* (0.2 
molal KCl) in the presence and absence of formaldehyde, are shown in 
Fig. 1. At the lowest pH values shown, the curves tend to come together, 
but, in more weakly acid solutions, formaldehyde slightly reduces the 
amounts of acid bound by wool. At higher pH values, the curves become 
widely separated. ‘Those obtained with formaldehyde present are displaced 


from the control curve (no formaldehyde) in the direction of more acid pH 
values. The displacement reaches a maximum of about 1.9 units, when 





protein plastics and artificial protein fibers (6, 9) and possibly plays a part in the 
protection of protein fibers from damage caused by alkali (4). 

2 Over half of the base added to the 1.0 m formaldehyde solutions at 25° is neu- 
tralized by formic acid within 24 hours. At 0°, less than 1 per cent of the base is 
affected in the same time. 

* The ionic strength was kept constant within narrow limits by the addition of an 
appropriate amount of potassium chloride to each solution, calculated on the basis 
of preliminary experiments which permitted estimation of the equilibrium concentra- 
tion of the base. In this calculation the ionization of formaldehyde was disregarded, 
since measurements with the glass electrode showed that it made almost negligible 
contributions to the ionic strength at 0° even at pH 13. 
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the amounts of base bound are between 0.15 and 0.20 mm per gm. of wool. 
The small displacement found in acid solutions depends noticeably on the 
formaldehyde concentration, whereas, in the alkaline range, almost a 
maximum effect appears to be produced by the lower of the two concen- 
trations used. These effects on the titration curve differ from those pre- 
viously reported for soluble proteins only in that they are somewhat smaller 
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Fic. 1. The effect of formaldehyde on the dependence on pH of the combination 
of wool with hydrochloric acid and potassium hydroxide at a constant ionic strength 
(0.2). Aseparate curve has been drawn for the measurements obtained at the lower 
concentration of formaldehyde, only for the combination with acid. Measurements 
in the extremely unbuffered range near neutrality are not represented, and the curves 
are not defined in this region. 


(consistent with the smaller lysine content of wool), and show a lower 
degree of dependen¢e on the concentration of aldehyde. 

Only certain of the dissociating groups in proteins are affected by form- 
aldehyde. When the effect of the formaldehyde is very large, so that 
the alkaline branch of the titration curve obtained in its presence is dis- 
placed by 3 or more pH units from the control curve, a very simple 
analysis of the effect may be made (12). This simplicity results from the 
fact that practically the entire range of titration of a single set of dis- 
sociating groups (having a given dissociation constant) occurs within a 
range of 3 pH units. If only one such set of groups is affected by formal- 
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dehyde, then, in the pH range of the displacement, the base bound by 
these groups in the presence of formaldehyde will be maximum throughout 
the entire range of the displacement, and the titration of these groups will 
make no contribution to the slope of the titration curve in this range of pH. 

In such a simple case, and in the same range of pH, merely subtracting 
the ordinates of the control curve from the corresponding ordinates of the 
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Fic. 2. The increment in base bound by wool brought about by the presence of | 
mM formaldehyde. 


curve obtained with formaldehyde present will give the characteristic 
titration curve in formaldehyde of the set of dissociating groups which re- 
act with formaldehyde (12). The base bound by other groups not affected 
by formaldehyde will have been eliminated by the subtraction. Actually 
two curves will be obtained, an ascending S-shape curve just described, 
followed by a plateau, and then a descending S-shaped curve, which is the 
inverted titration curve of the same set of groups in the absence of formal- 
dehyde. The presence of the plateau is the criterion which determines 
whether this simple case is actually realized. When no distinct plateau is 
found, the curve of the groups affected by formaldehyde has been displaced 
less than 3 to 4 pH units, and the maximum difference in ordinates ob- 
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tained is less than the total base-binding capacity of the set of groups with 
which we are now concerned. 

An application of this reasoning to the data of Fig. 1 is shown in the upper 
section of Fig. 2. No distinct plateau isfound. If the affected groups are 
identified with the e-amino groups of lysine, the indicated lysine content of 
wool is greater than 2.2 per cent. The value determined by the amino 
nitrogen method of Rutherford, Harris, and Smith (17) is 3.3 per cent 
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Fig. 3. The effect of formaldehyde on the dependence on pH of the combination 

of wool with hydrochloric acid and potassium hydroxide, in the absence of added salt. 


The titration constant indicated by the pH coordinates of the ascending 
branch of the curve of differences (Fig. 2) is roughly 10-*’. Since the 
displacement caused by formaldehyde (Fig. 1) is less than 2 pH units, 
the negative logarithm (pK) of the titration constant of these groups 
in the absence of formaldehyde is less than 11.7. The value indicated by the 
work of Kekwick and Cannan on egg albumin (12) is about 11.4 

The fact that the descending branch of the curve is not fully symmetrical 
with respect to the ascending branch is discussed below. 

Data obtained in the absence of salt are shown in Fig. 3. Here the 


* At pH 9.7, base bound by wool in the presence of formaldehyde is about 0.23 mu 
pergm. Of this amount, the e-amino groups of lysine contribute about 0.12 mm, and 
histidine accounts for about 0.05 mm. The balance, 0.06 mm, presumably represents 
acidic groups in tyrosine side chains. Since the total tyrosine content is about 0.32 
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maximum separation of the curves along the pH axis is somewhat larger 
than in Fig. 1 (2.35 units instead of 1.90), and differences in the effects of 
the two concentrations of formaldehyde are much clearer than when galt js 
present. When the difference curves for these data are plotted as in Fig, 2 
(lower section), the lack of symmetry previously noted becomes clearer, 
and its cause apparent. Instead of one set of groups affected by formalde. 
hyde, two are indicated. One of these (pH values below 11) is apparently 
the same as that indicated in the experiment with salt, and probably cor. 
responds to the «amino groups of lysine. The other occurs in a more 
alkaline range, suggestive of the guanidino groups of arginine. The failure 
of the latter to manifest themselves strongly in the data obtained with 
salt present appears to indicate that the combination of formaldehyde 
with these groups is inhibited by salt. The reason for this inhibition re- 
mains obscure. Failure to observe a pH effect of formaldehyde in the 
arginine groups in other proteins is probably due to the absence of data 
for these proteins in strongly alkaline solutions. An effect of formaldehyde 
on the guanidino group of arginine itself is now well known (7, 9). 

The amounts of lysine and arginine indicated in the graph have signifi- 
cance only as minimum values. The differences attributed to arginine are 
somewhat more arbitrary than those attributed to lysine, because they are 
particularly susceptible to experimental error in the region of the steep 
portions of the curves in Fig. 2. However, if the analytical values for the 
contents of lysine, arginine, and tyrosine (20) are accepted, it is clear that 
the maximum base-binding capacity of wool should be considerably greater 
than the highest values reported in this or any previous study. 


SUMMARY 


1. The amounts of hydrochloric acid and potassium hydroxide combined 
by wool, in solutions of two concentrations of formaldehyde, have been 
determined and compared with earlier determinations in the absence of 
formaldehyde. The effect of the presence of formaldehyde has been de- 
termined both in the absence and presence of salt. 

2. The effects of formaldehyde on the dissociation curve of wool have 
been shown to be consistent, for the most part, with existing ideas as to 
the combination of this substance with the amino groups of lysine. There 
are indications that the guanidino groups of arginine also combine with 
formaldehyde, at least when salt is not present. 

3. Because of the strong basicity of the guanidino groups, in neither 
the present study nor any earlier one has the maximum base-binding capa- 
city of wool been measured. 





mm per gm., the pK of the phenolic groups in wool lies near 10.5. This is only slightly 
higher than the value in the free amino acid. 
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GASOMETRIC AND PHOTOMETRIC MEASUREMENT OF 
ARGINASE ACTIVITY 
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(Received for publication, May 29, 1946) 


Hunter and Dauphinee (1) outlined a titrimetric method by which argi- 
nase activity could be measured. This method utilized a principle em- 
ployed by Edlbacher and Réthler (2) and involved a 30 minute reaction 
of arginase on a dilute solution of arginine (varying between 0.0238 and 
0.0149 m) buffered with phosphate at pH 8.4, subsequent incubation with 
urease to hydrolyze the urea formed by the action of arginase, aeration of 
the resulting ammonia into acid, according to the technique of Van Slyke 
and Cullen (3), and titration of the residual acid. This method was later 
improved by Hunter and Downs (4) by use of a buffer mixture which was 
more efficient at pH 8.4, and employment of a constant, initial concentra- 
tion of substrate (0.02225 m). 

The present report outlines two procedures by which arginase activity 
can be measured. In both, the urea formed is determined as a measure 
of the arginine hydrolyzed. In the first, a gasometric procedure, Method 
I, the whole determination is conducted in the Van Slyke-Neill blood gas 
apparatus (5). Arginase acts on arginine for 10 minutes at pH 9.5 (near 
the optimum for arginase). The pH then is adjusted to 6.8 and urease is 
added to hydrolyze urea. The CO, liberated from urea is then measured 
as previously described by Van Slyke (6). The gasometric method is con- 
venient when frequent, single arginase determinations are desired, as when 
one is following the effects of procedures on the purification or activity of 
the enzyme. 

In the photometric procedure, Method II, the action of arginase takes 
place in test-tubes and the resulting urea is measured by Archibald’s (7) 
procedure based on the color formed by the reaction of urea with a-nitro- 
sopropiophenone. The photometric method is particularly convenient 
when numbers of simultaneous arginase determinations are done. Ob- 
viously the photometric method cannot be used to measure quantitatively 
the arginase content of preparations which contain urease. 

In both methods the concentration of substrate is such that the amount 
of urea formed is proportional to the amount of enzyme present. 

Van Slyke and Cullen (3) showed that the kinetic action of urease at a 
given pH was described by Equation 1 


* Fellow of the National Research Council, Division of Medical Sciences. 
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1/1 a z 
1 E=-(— — 
(1) *(z log —* +2) 





where E represents the concentration of enzyme, ¢ the time of reaction, 
a the initial concentration of substrate, and z the decrease in substrate 
concentration at time ¢. K, is the velocity constant of the combination 
of enzyme and substrate, K, the velocity constant of the decomposition 





5 — 


i] w bh 
T T T 


per liter of reacti ng solution 


Millimoles of urea formed per minute 
_ 
T 








n ! l 
0 100 200 300 400 


Millimoles arginine per liter of reacting solution 





Fic. 1. Effect of concentration of substrate in the reaction mixture on the rate of 
hydrolysis of arginine at pH 9.5 and 25°. A 1 ce. portion of a 1:50 dilution of dog 
liver extract activated with manganous ion was mixed with each of 0.5 ec. portions of 
arginine, which was 3 times the concentration indicated by the figures on the abscissa. 
The analyses were conducted gasometrically. 


of the combined substrate. We have found (8, 9)! that the same formula 
applies in a general way to the kinetics of arginase. Enzymatic decom- 
position of arginine appears to involve two successive stages: (1) combina- 
tion of substrate and enzyme, and (2) decomposition of the combined 
substrate. The greater the concentration of arginine the shorter the inter- 
val required for formation of the complex. When the arginine concen- 
tration is sufficiently high, the formation of enzyme-substrate complex 
occurs so rapidly that the time involved in this step is insignificant com- 


1A more detailed report (Van Slyke, Archibald, and Rieben) will be submitted 
later. 
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pared with the time taken by the decomposition. Under these conditions, 
for a limited reaction time, a of Equation 1 is so large in proportion to x 
that a/(a — x) does not rise much above unity; hence log a/(a — x) does 
not rise much above zero, and the term 1/K, log a/(a — x) may remain 
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Fig. 2. Curve showing the proportionality between the amount of arginine hy- 
drolyzed and the amount of enzyme present. Arginine concentration in the reacting 
mixture = 285 mm per liter. Reactions were conducted as outlined in the gasometric 
procedure. 


insignificant compared with the term z/Kz. The equation then simplifies 
to 


z 

(2) E= Ka 

As shown in Figs. 1 and 2, the conditions that validate Equation 2 are 
met for practical purposes when the concentration of the arginine substrate 
(a) is 0.28 m and the pH is 9.5 the amounts of urea formed (z) in the short 
reaction period (¢ = 5 minutes) used are then directly proportional to the 
amount of arginase (EZ). The measurement of enzyme activity under 
these conditions has the advantages of rapidity in operation and simplicity 
in calculation. 


The action of arginase on arginine is strongly inhibited by the presence 
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of ornithine (8-16), one of the products (17). However, if the concentra. 
tion of arginine is large compared with that of ornithine (as is the cage jn 
the following procedures when only a small fraction of the arginine is de. 
composed), the retardation resulting from formation of ornithine jg jp. 


significant. 
Selection of Arginase Unit 


Edlbacher and Réthler (2) define as a unit of arginase that amount which 
in 1 hour at 38° will decompose 10- mole of arginine (7.e. will liberate urea 
equivalent to 0.34 mg. of ammonia) when the arginase is added to a mix. 
ture of 5 cc. of buffer of pH 9.5 containing glycine, sodium hydroxide, 
sodium chloride, and 10 ce. of 1 per cent arginine carbonate. 

This definition has the following disadvantages. 

1. Because the volume of enzyme solution added is not specified, the 
concentration of substrate in the final mixture is not defined. 

2. Because a low concentration of substrate is employed, the decomposi- 
tion of substrate will not be proportional to the amount of enzyme present. 
Hence a calibration curve must be employed. 

3. The time of action of the enzyme is long; hence considerable inactiva- 
tion of arginase may take place during the determination. 

Hunter and Dauphinee selected (1) a larger unit which they defined as 
that amount of arginase which in } hour at 37° will liberate 0.5 mg. of 
urea N from 10 mg. of arginine N, at pH 8.4 (buffered with 0.5 m phos- 
phate and with an initial arginine concentration varying between 0.0149 
and 0.0238 m and in a volume varying from 7.5 to 12 cc.). This unit 
shares with that of Edlbacher and Réthler the first two and, to a smaller 
extent, also the third of the disadvantages above. Hunter and Downs 
(4) redefined the unit of Hunter and Dauphinee as one-tenth that amount 
of arginase which in } hour at 37° will liberate urea equivalent to 2.5 mg. 
of N. However, Hunter and Downs specify a total volume and initial 
substrate concentration of 8 cc. and 0.02225 m respectively, and state that 
the unit is identical in magnitude with that defined by Hunter and 
Dauphinee. 

Other units of arginase activity have been defined ((18) ; (19), see p. 510; 
(20-22)). 

There appears to be some advantage in being able to calculate the argi- 
nase activity directly from the amount of a product of the reaction without 
having to construct a calibration curve. For this reason we have de- 
liberately chosen a new unit of arginase activity which we define as that 
amount which in 1 minute at 25° and pH 9.5 (by glass electrode) and with a 
substrate concentration of 0.285 m will decompose 1 micromole (10% mole) 
of arginine (i.e., will liberate 1 micromole of urea (0.06 mg.) containing 
0.028 mg. of nitrogen). 
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Although hepatic arginase might be very slightly more active at pH 
97 than at pH 9.5, the activity falls off much more rapidly at values 
slightly higher than the optimum than at those slightly lower than opti- 
mum. Furthermore, most devices now available for measuring pH are 
less reliable at pH values higher than 9.5 than at lower ones. Therefore, 
pH 9.5 has been selected for activity measurements. This is believed to 
be as near to the maximum as is safe to recommend for a routine method. 


I, GASOMETRIC METHOD 


Apparatus 


Van Slyke-Neill blood gas apparatus (5). The mercury should be free 
of traces of other metals such as copper, so as to minimize the amount of 
mercury which can pass into solution. 

Two bulbs of 50 or 100 cc. capacity, each with a stop-cock at one end, as 
described by Austin ef al. (23, 24), for anaerobic handling of fluids over 
mercury. 

Two stop-cock burettes, 10 cc. 

One stop-cock pipette, 1 cc. 


Reagents 


Arginine solution, 0.85 m, pH 9.5 (by glass electrode). To 9.00 gm. of 
arginine monohydrochloride add 1.6 cc. of 18 N NaOH (CO,-free) and 
make up to 50 cc. with water. The solution is stored in a closed bulb over 
Hg to prevent a fall in pH due to absorption of CO,. Before use, it is 
transferred to a stop-cock burette fitted with a soda lime tube. 

H 2S0,, 12 N. 

16 mu KNaHPO,, 21.8 gm. of KH2PO, + 10.5 ce. of 18.0 nN (CO-free) 
NaOH to 100 cc. with water. This solution is stored over Hg. Before 
use it is transferred to a stop-cock burette protected above with a tube of 
soda lime and fitted at its tip with a rubber ring. 

Urease, 10 per cent solution of Squibb’s double strength urease in 50 per 
cent glycerol.” 

Caprylic alcohol. 

Brom-thymol blue, 0.4 per cent aqueous solution. 

5Ny NaOH. 


*The presence of canavanine (25) and arginase in the preparations of jack bean 
urease will not interfere with the determination of urea, because the pH at which the 
urease is allowed to act is lower than that at which the canavanine (or arginine) is 
hydrolyzed by arginase. Hence, the dialyzed urease (25) need not be employed. 
The preparation should contain at least 0.15 Sumner unit per mg. The activity of a 
given preparation can be determined readily in 15 minutes without special apparatus 
by the colorimetric method of Van Slyke and Archibald (26). 
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Procedure 

























































Dilution of Arginase Preparation—The dilution of enzyme should be 
such that its activity is approximately equal to that of a 1:25 dilution of 
neutralized fresh beef liver extract prepared according to the directions of 
Hunter and Dauphinee (1); 7.e., it should contain about 2 to 6 arginase 
units per cc. If such an extract is activated with manganese, dilutions 
will need to be 1:50 to 1:160. Arginase rapidly loses activity on dilution? 
with water unless an excess of activating metal ion is present; therefore, 
if no activating metal has been added, dilution should take place imme- 
diately prior to the activity measurement (within 2 minutes of the beginning 
of the arginase action). Dilutions should be made in 0.85 per cent saline 
to minimize the precipitation of proteins. Any protein which comes out 
of solution carries arginase activity with it. Consequently aliquot portions 
of a dilution possess measurably different activities unless the protein is 
evenly distributed among the aliquots. 

Reaction of Arginase and Arginine—0.5 cc. of the arginine solution (pH 
9.5) is introduced into the chamber of the blood gas apparatus from a stop- 
cock burette fitted at its lower end with a rubber ring. The cup of the 
chamber is then partly filled with mercury. With the aid of a stop-cock 
pipette ((27), p. 125, Fig. 3), also fitted at its lower end with a rubber ring, 
1 ec. of the diluted solution of arginase is introduced slowly enough so 
that it will form a layer over the arginine solution. The stop-cock of 
the chamber is sealed with mercury. The mercury in the chamber is 
lowered at once, raised, then lowered again to the 50 cc. mark. During the 
lowering the solutions of enzyme and its substrate become mixed and the 
action of the arginase starts. At the moment the lowering of the mercury 
begins a stop-watch is started. After 2.5 minutes the temperature in the 
water jacket is recorded and exactly 0.5 cc. of 1.2 N H.SO, is measured into 
the chamber cup, followed by 1 drop each of brom-thymol blue and caprylic 
alcohol. After exactly 5 minutes enzyme action the cock above the reac- 
tion chamber is opened sufficiently to allow the acid (but no air) to enter 
the chamber and mix with the contents. This lowers the pH of the mix- 


*D. D. Van Slyke and R. M. Archibald, unpublished results to be presented later. 
‘In some cases it is preferable to dilute the enzyme preparations only one-tenth 
as much, and to use one-tenth the volume of enzyme solution (delivered from a rub- 
ber-tipped capillary 0.1 ec. pipette). This is especially true when one is dealing with 
(a) unactivated preparations of arginase which rapidly lose activity when highly 
diluted, or (b) dilutions prepared from glycine extracts of liver which contain pro- 
teins not readily soluble in water or dilute saline. In this case, prior to the measure- 
ment of »,, 1.5 instead of 0.5 cc. of 1.2 n H,SO, are added. 

5 Pipettes employed for measuring these diluted enzyme solutions must be cleaned 
frequently to avoid inclusion of air bubbles. 
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ture to 2.3 and thereby stops the enzyme reaction, irreversibly inactivates 
the enzyme, and sets free slight amounts of CO unavoidably present in the 
reagents. 

Removal of Preformed COz from Reaction Mixture—After admission of 
the acid, the upper cock is sealed with mercury, and the evacuated chamber 
is shaken 2 ininutes with the mercury meniscus near the 50 cc. mark to 
extract CO. from the solution. Mercury is then admitted from the leveling 
bulb until it fills the lower quarter of the chamber. Then, without stopping 
the inflow of mercury, the upper cock is opened, admitting air into the 
chamber. The admission of mercury into the chamber is continued until 
all the gases have been completely driven out through the upper cock, but 
is stopped before any of the solution enters the cup. The air is admitted 
in order to dilute the CO, gas in the chamber and prevent its reabsorption 
by the solution. If the upper cock were kept closed until the extracted 
CO, was compressed at the top of the chamber, some of the extracted CO, 
would go back into solution. The above procedure of extraction and ejec- 
tion removes about 96 per cent of the CO, from the solution. It is repeated 
once, making the removal complete in so far as measurable amounts of 
CO, are concerned. 

Hydrolysis by Urease of Urea Formed by Arginase—After expelling all 
but a small bubble of air, 0.5 cc. of KNaHPO, solution is introduced from 
a stop-cock burette. The stop-cock of the chamber is closed and sealed 
with mercury, and the contents of the chamber are mixed by once lowering 
and raising the mercury in the chamber. The pH should be 6.8, as indi- 
cated by the slight green tinge of the indicator. The cup is washed with 
1.2 n H.SO,, then with water, and 0.5 cc. of 10 per cent urease solution is 
introduced into the chamber and mixed with its contents by lowering and 
raising the mercury in the chamber. After 5 minutes 0.5 cc. of 1.2 N sul- 
furie acid is added, the mercury is lowered to the 50 cc. mark, and the CO, 
extracted and measured according to the directions of Van Slyke and Neill 
(24), p. 277-278). pr. is read with the gas at 2 cc. volume. The lower 
cock of the chamber is opened, and 0.3 cc. of 5 N NaOH is admitted from 
the cup to absorb the COs. The aqueous meniscus is lowered below the 
2 cc. mark, and 1 minute draining time is allowed; the meniscus is then 
brought back to the 2 cc. mark and pressure pz is read (see the procedure 
for COz in plasma (24), p. 284-285). 

Determination of c Correction by Blank Analysis—A blank determination 
isrun in which the arginase is added after the 0.5 cc. of 1.2 N H2SO, has 
been added and mixed. The 5 minute incubation period of arginase is 
omitted, but in all other regards the procedure is as outlined above. This 
blank corrects for the small amount of urea which may be present in the 
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preparation of arginase, as well as for CO: in the phosphate and urease, 
and any small degree of hydrolysis of arginine by jack bean arginase present 
in the preparation of urease employed. The p; — pz of the blank is the 
c correction. 

Each determination requires about 15 minutes. 

Between analyses the cup and chamber are rinsed out, first with 1.2 y 
H.SO, and then with water. It is important to make sure that all urease 
is removed from the chamber walls or inactivated before proceeding with 
the next analysis. 

If enough CO, is formed to give a pressure reading above 350 mm., the 
ammonium carbonate resulting from hydrolysis of urea will have raised 
the pH sufficiently above 6.8 to permit some action of jack bean arginase 
on the large amount of unhydrolyzed arginine present during the period 
when only urease should be acting. Hence if Poo, is greater than 250 mm., 
the procedure should be repeated with a more dilute arginase solution. 


Calculation for Gasometric Procedure 


The CO, pressure, Pgo,, exerted at 2 cc. volume by the CO, liberated from 
urea formed from arginine and then hydrolyzed by urease is calculated as 


(3) Pco, = Pi — P2 — € 


where p; and p: are the manometer readings obtained in the analysis and 
c is the value of p; — pe obtained in the blank analysis. 

Units of arginase in 1 cc. of diluted arginase solution expressed as “E 
(dilute)” are calculated by the equation 


(4) E (dilute) = Poo, X . 


where 7’ is the incubation time in minutes and A is the factor in Column 2 
of Table I. The arginase concentration, ““E (original),” in the original 
undiluted arginase preparation is calculated as 


(5) E (original) = E (dilute) X V 


where V is the volume to which | volume of the original arginase prepara- 
tion was diluted. A is the product of B X C, the values for which appear 
in Columns 3 and 4 respectively of Table I. The factors under B in Column 
3 are those by which the values of Peo, in mm. are multiplied to give micro- 
moles (moles X 10~*) of arginine decomposed (= micromoles of urea formed 
or of CO, measured). These factors are given by Van Slyke and Sendroy 
((28), Table X for S = 3.5 cc., a = 2.0 cc.). C (Column 4, Table I) cor- 
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rects for the effect of temperature on the activity of the arginase during 


the incubation period. 


Tasie I 


Factors by Which Mm. of Pco, Are Multiplied to Give Micromoles of Arginine 


Decomposed by Sample at 25° 


S = 3.5cc. a = 2.0 ce. 























Temperature BXC@#A B c 
(1) (2) (3) ) 
<c 
10 0.3165 0.1266 2.50 
11 0.2918 58 32 
12 712 50 17 
13 523 43 03 
14 373 36 1.92 
15 237 29 82 
16 102 22 72 
17 0.1968 15 62 
18 836 08 52 
19 707 02 42 
20 591 0.1196 33 
21 487 90 25 
22 384 83 17 
23 295 77 10 
24 228 71 05 
25 165 65 1.00 
26 102 60 0.95 
27 038 54 90 
28 0.0977 49 85 
29 926 43 81 
30 876 38 77 
31 827 33 73 
32 778 28 69 
33 741 23 66 
34 710 18 635 
35 678 | 12 610 
36 | 647 | 07 585 
37 622 02 565 
38 598 0.1098 545 
39 570 93 522 





It is to be noted that “E (dilute)” of Equations 3 and 4 is 1.5 times 
the enzyme concentration, E (Equations 1 and 2), in the reacting mixture 


of arginase and arginine. 
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II. PHOTOMETRIC METHOD 


A pparatus 


Dialysis units described by Hamilton and Archibald (29). 
Photometer. 


Reagenis 


Arginine solution, pH 9.5, prepared and stored as indicated above for 
the gasometric method. 

Metaphosphoric acid, 15 per cent solution. 

a-Isonitrosopropiophenone,’ 3 per cent solution in 95 per cent ethyl 
alcohol. 

Sulfuric- phosphoric acid mixture, 90 ec. of concentrated sulfuric acid, c.p., 
and 270 cc. of syrupy phosphoric acid (reagent grade) are poured into 600 
ec. of water in a Pyrex container. The volume is then adjusted to 1000 ce. 

Stock standard solution of urea (4 mm), 24.0 mg. of urea in 100 ce. of 
water. Store in the ice box. Prepare fresh monthly. 

Working standard urea solution (0.4mm). Dilute 1 volume of the stock 
urea solution to 10 volumes with phosphoric-sulfuric acid mixture on the 
day the working standard is to be used. The working standard contains 
0.4 micromole of urea per cc. 


Procedure A for Photometric Method 


This procedure is used when the arginase solution to be tested contains 
so much protein that the latter would interfere with the photometric urea 
determination. In this procedure the urea formed is separated from the 
proteins by rapid dialysis, or by precipitation with metaphosphoric acid. 
Procedure A is used, for example, in estimating arginase activity of 
erythrocytes. 

Dilution of Arginase Preparation—Immediately before the activity 
measurement, the arginase solution to be tested is so diluted that the 
resultant solution contains 0.1 to 0.4 arginase unit per ec. (This activity 
is about that of a 300-fold dilution of Hunter and Dauphinee’s beef liver 
extract, or of a 600-fold dilution of this extract activated with manganese.) 

Reaction of Arginine and Arginase—The solutions of arginine and diluted 
arginase are brought to measured room temperature. To 0.5 cc. portions 
of the arginine solution, adjusted to pH 9.5, in 5 cc. test-tubes are added 
1 ec. portions of freshly diluted preparation of each arginase solution to 
be tested.5 The substrate is mixed thoroughly with the enzyme imme- 
diately after the latter has been added. Exactly 10 minutes after the 


* Obtained from Anachemia, Ltd., Montreal, Canada, and 70 East 45th Street, 
New York 17, New York. 
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arginine and arginase are mixed 1 cc. of sulfuric-phosphoric acid mixture 
js added and mixed. This stops the action of arginase. 

A control for the reagent blank is prepared by adding the acid to the 
arginine before, instead of after, the addition of the arginase. 

Separation of Generated Urea from Colloids of Digest. (a) Separation by 
Dialysis—A 2 cc. portion of each acidified digest and control is placed 
in the inner portion of a dialysis unit (29), a 15 ce. portion of the sulfuric- 
phosphoric acid mixture is placed in the outer compartment, and the unit 
is assembled and dialysis is continued with rocking for 3 hours (the total 
volume of solution in dialysis is 17 cc.). The dialysate is “dialysate a.” 

(b) Alternative Removal of Colloids by Precipitation with Metaphosphoric 
Acid—In this case the action of the enzyme is stopped by the addition of 
lee. of 15 per cent metaphosphoric acid. After 15 minutes standing the 
mixture is centrifuged and the supernatant is decanted into a clean tube. 
Toa 2 cc. portion of the supernatant add 15 cc. of the sulfurie-phosphoric 
acid solution; mix and filter to obtain “‘filtrate b.”’ 

Photometric Measurement of Urea—A 10 ce. portion of each dialysate a 
or filtrate b, including the controls, is pipetted into a 20 cc. test-tube. 

Standards are prepared by adding to 20 cc. test-tubes 1, 3, 5, 7, and 9 ce. 
of the working standard and 8, 6, 4, 2, and 0 ec. respectively of the phos- 
phoric-sulfurie acid mixture. To each standard is then added a 1 ce. 
portion of acidic arginine solution prepared by diluting 1.15 cc. of the 0.85 Mm 
arginine (pH 9.5) to 5 cc. with the phosphoric-sulfuric acid mixture.’ The 
standards contain 0.4, 1.2, 2.0, 2.8, and 3.6 micromoles of urea per 10 ce. 

To each tube containing an aliquot of dialysate, filtrate, or a standard, 
0.5 cc. of the 3 per cent solution of a-isonitrosopropiophenone is added. 
After the contents are mixed, the tubes are stoppered and heated 1 hour 
in a boiling water bath, in the manner outlined by Archibald (7) for the 
colorimetric determination of urea. The tubes are cooled in the dark, and 
thereafter protected from light. The optical density is read at a wave- 
length of 540 my against the reagent blank set at zero. 

The 10 ce. aliquot of the control, treated as above, serves as reagent 


blank. 
Calculation for Photometric Method, Procedure A 


From the standards a curve is prepared of optical densities against micro- 
moles of urea present in 10 cc. of standard solution. From the observed 


[7 Usually the dilute arginase solution adds nothing to the reagent blank. When 
this is the case, control solutions need not be prepared; the reagent blank is then 
prepared by measuring 9 cc. of the phosphoric-sulfuric acid into a 20 cc. test-tube 
and adding 1 cc. of the acidic arginine solution. Arginine decreases appreciably 
the color developed in the reaction between urea and a-isonitrosopropiophenone. 
Hence, approximately the same amount of arginine is added to the blank and 
standards that is present in the 10 cc. aliquots of dialysate a or of filtrate b. 
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optical density of the unknown, U, the number of micromoles of urea in 
the analyzed 10 cc. aliquot is read on the curve. The arginase concentra- 
tion, Z, in units per cc. of the diluted arginase solution, is calculated from 


U as 
E (dilute) = 0.212UC 


For the original, undiluted arginase preparation the activity in units per 
ec. is calculated as 


E (original) = 0.212UCV 


C (from Table I) and V have the same significance as in the calculation 
for the gasometric method 


2.5 17 1 

Factor 0.212 = 20 x 0 x 10 
Of the constituent factors, 2.5/2.0 is the ratio of total acidified digest 
volume to the volume of aliquot used; 17/10 is the ratio of total fluid in the 
dialyzed or precipitated mixture to the aliquot used for urea measurement; 
1/10 is the ratio of the standard time unit (1 minute) to the time used for 


the digestion. 
Procedure B for Photometric Method 


When the concentration of protein in the diluted arginase solution is less 
than 0.2 mg. per cc. (as is the case when arginase preparations from dog or 
beef liver are tested), the protein need not be removed. In this case the 
enzyme reactions are conducted in 25 cc. test-tubes and are stopped by the 
addition of a 20 cc. portion of the phosphoric-sulfuric acid mixture to each 
1.5 cc. portion of digest. 10 cc. aliquots of the mixture are treated with 
color reagent as indicated above. 

The calculations are: 


E (diluted) = 0.215UC 
E (original) = 0.215UCV 


Factor 0.215 = = x e 

10 10 
The 21.5/10 is the volume ratio of total acidified digest to the aliquot used 
for urea measurement ; 1/10 and U, C, and V are the same as in Procedure A. 
Because of the very small amount of enzyme required for the activity 
measurement, and because the presence of small amounts of protein other 
than enzyme does not interfere, this photometric method is well adapted 
to the study of the distribution of arginase among the various separable 
fractions of cells. Obviously the procedure can be adapted readily to 
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measurement of smaller amounts of arginase by decreasing (5- to 20-fold) 
the volumes of all reagents and by increasing (2- to 6-fold) the reaction 
period. However, if the reaction of a diluted arginase solution is prolonged 
for 30 or more minutes, appreciable inactivation may occur and somewhat 
diminish the estimated activity, unless nickel, cobaltous, or manganous ion 
is added. 


Discussion of Methods 


As can be seen from an inspection of Fig. 1, the concentration of arginine 
which enables activated liver arginase of dog to act at its maximum velocity 
at pH 9.5 is higher than the 0.285 m concentration used. However, when 
arginine in 0.285 m concentration is employed as substrate, the fraction 
of arginine decomposed during the reaction is not great enough to depress 
significantly the rate of urea formation, which remains proportional to 
the amount of enzyme present. If the concentration of substrate were in- 
creased, say 4-fold, the amount of acid and alkali required to adjust the 
pH for the later parts of the procedure would be undesirably large. Fur- 
thermore, the cost of the arginine required for the determination would 
be increased.® 

At the substrate concentration employed, the pH optimum for hepatic 
arginase is between 9.5 and 9.9. Because arginine is itself an excellent 
buffer at this pH, there is no need to add either phosphate or glycine to the 
mixture in which arginase acts. 

In view of the variable effect of (a) the source (31) and of (b) the pH of 
activation’ on the pH optimum of arginase, one would not expect prepara- 
tions of arginase from several sources, or arginase from one source prepared 
by different methods, to give activities by Hunter’s method (which meas- 
ures activity at pH 8.4) that would be exactly proportional to activities 
indicated by our method (with measurement at pH 9.5). For example, 
jack bean arginase, which, when activated with manganese, has a pH opti- 
mum near 8.4 would, as compared with liver arginase, give relatively 
higher results by Hunter’s method than by ours. Nevertheless, the con- 
venience and simplicity of the method outlined above have made it appear 
desirable to employ these conditions for activity measurements and to re- 
define the unit in terms of these conditions. 

Because of the rapid loss of activity in dilute solutions of unactivated 
preparations, use of the short (5 to 10 minutes) incubation periods permits 
& more accurate estimation of the activity of unactivated preparations 
than can be obtained by using the much longer incubation periods (30 
to 60 minutes) previously employed by many workers. If, for example, 


*A large portion of the arginine in the reaction mixtures can be recovered and 
purified with flavianate (30) and then used again for other activity determinations. 
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activity during the first 5 minutes of incubation were represented by 100, 
that in the second 5 minutes by 80, 64 for the third, 51 for the fourth, 41 for 
the fifth, and 33 for the sixth, the apparent activity for a 30 minute period 
would be only the average of these, viz. 61.5. 


Discussion of Gasometric M ethod 


Stock, Perkins, and Hellerman (31) have shown that jack bean arginase, 
either alone or after addition of activating ions such as Mn*+, Ni*+, or Co+, 
has no activity at pH lower than 6.8. 

Hellerman and Stock (32) have shown that liver arginase, either alone 
or after treatment with Mn** ion, has almost no activity at pH 6.0 and 
very little at pH 6.8. For urease, in contrast, the optimum pH lies near 
6.8, when urea concentration is 0.15 m (the optimum pH is higher when urea 
is more dilute (33)). Hence, urea (even in the presence of large amounts 
of arginase) can be determined at pH 6.8 with jack bean urease without 
interference from jack bean arginase. Residual traces of liver arginase 
will not interfere appreciably unless Nit*+ or Co** ions are present in 
amounts sufficient to activate the liver arginase (32). Richards ((82), 
p. 774) employed pH 6.0 for the determination of urea by urease in the 
presence of arginine. We have used pH 6.8, because the time required for 
urease to decompose the last traces of urea present (33) is much longer at 
pH 6.0 than at 6.8. Thus 5 minutes action of urease at pH 6.8 suffices, 
instead of the 2 hours at pH 6.0 employed by Hellerman and Stock. At 
pH higher than 6.8 there is danger of action of jack bean arginase. Even 
crystalline urease, unless repeatedly recrystallized, prepared from jack bean 
is reported to contain arginase (31). 

Kossel and Dakin (17) defined arginase as an enzyme which hydrolyzed 
arginine to urea and ornithine. Some authors (34) have measured arginine 
before and after action of their enzyme preparations and have assumed 
that the disappearance of arginine was a measure of arginase. However, 
enzymes other than arginase are capable of destroying arginine. For 
example, Hills (35) demonstrated that some Gram-positive cocci were 
capable of splitting arginine to ornithine, CO, and NHs, and that urease 
was not present in sufficient amounts to explain the production of the NH; 
and COs. He named the responsible enzyme arginine dihydrolase. 
Niven et al. (36) appear to have worked with a similar system and reported 
that most Streptococci (Lancefield Group A to G whether hemolytic or not), 
except viridans, liberate NH; and CO: from arginine but do not attack 
urea or creatine. Arginine decarboxylase of Bacillus coli (37, 38) and 
B. cadaveris (39) in the presence of Streptococcus faecalis acting on arginine 
is reported to yield agmatine and CO, (37). Horn (40) reports that 
“arginine desimidase” of B. pyocyaneus splits arginine to give a 4.9 per 
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cent yield of citrulline. Although some bacteria have been reported to 
contain arginase (34, 41, 42), proof of the presence of this enzyme must 
rest not alone on the ability of the enzyme preparation to remove arginine 
from solution nor on its ability to produce NH; or CO, from arginine, but 
rather on production of urea. When CO, or NHs; formed by action of 
urease is used to measure the urea, it is therefore desirable that the en- 
symes of the arginase preparation be inactivated and any CO, or NH; 
formed be removed, before urease is added to determine the urea. 

No enzyme other than arginase is known to yield urea from arginine.*® 

In the gasometric method described above, any CO: liberated from 
arginine by enzymes other than arginase, during the initial incubation at 


TaBLe II 


Comparison of Arginase Activities of Dog Liver and Human Erythrocytes by Gasometric 
and Photometric Methods 





Arginase, units per cc. glycerol extract 























Source of arginase | Method after activation with manganous ion 
Dogliver .- Gasometric 340 
Photometric 
Procedure A, dialysis 336 
Bx ** ppta. 345 
” B, protein not 350 
removed 
Human erythrocytes Non-activated Activated 
units per cc. cells units per cc. cells 
Photometric 
J.W. Procedure A, dialysis 0.09 9.1 
7 mm “ pptn. 0.09 9.3 
R.A. “ liitiles | 0.18 6.7 
D.R. as ne 0.03 3.9 








pH 9.5, as well as the CO, inevitably present in the reagent solutions, is 
expelled prior to the estimation of the urea formed from arginine by action 
ofarginase. Hence only arginase (and not arginine dihydrolase or arginine 
decarboxylase) is measured by this method. Likewise when the colori- 
metric method for urea is applied, the activity of arginase alone is measured. 

Neither the gasometric method, as described in the preceding pages, nor 


* Krebs and Eggleston (43) have reported that Corynebacterium ureafaciens splits 
urea from arginine, citrulline, agmatine, creatine, creatinine, allantoin, allantoic 
acid, hypoxanthine, and uric acid. It has not been demonstrated whether the en- 
tyme, which in this case splits arginine, is indeed arginase, or whether it is the same 
enzyme which forms urea from the other guanidine derivatives. 
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the photometric method is suited to the determination of arginase in prepa- 
rations which contain urease, since the urea formed would be partially 
destroyed before it could be determined. 

The gasometric method can, however, be modified to measure arginase 
in the presence of urease, by omitting the extraction and expulsion of CO, 
just prior to the addition of the phosphate buffer. When this alternative 
is employed, the initial extraction of CO: is omitted also in the determina- 
tion of the blank. This modification results in higher blanks and has the 
disadvantage that results for arginase will appear too high if there are 
present enzymes, other than arginase, which liberate CO, from arginine, 


Results 


Table II compares the values for the activity of a preparation of dog 
liver arginase activated with Mn** ion obtained by the gasometric method, 
and by the photometric method both with and without dialysis or precipi- 
tation of protein. The liver arginase was activated fully by heating to 
58° for 20 minutes with 0.05 volume of a 20 per cent solution of MnCh- 
4H.0 (9). Values are given for the arginase in erythrocytes of several 
adult human males before and after activation with manganous ion. The 
activation of erythrocytes took place in 2 hours at room temperature 
(23°). A 1:10 to 1:20 dilution of activated cells is used for the photo- 


metric determination of activity. 


SUMMARY 


Gasometric and photometric procedures are described for measurement 
of arginase activity by the rate of urea formation. 

The gasometric procedure is carried out entirely in the Van Slyke-Neill 
manometric apparatus at room temperature. The arginase acts for 5 
minutes at pH 9.5; then the pH is dropped to 6.8, at which arginase does 
not act, and the urea formed is measured by the CO: set free by urease. 

In the photometric procedure the reaction conditions for arginase are 
similar, but the urea generated is measured by the photometric method of 
Archibald (reaction with a-isonitrosopropiophenone). 

In both procedures the pH, arginine concentration, and reaction period 
are such that the rate of urea formation is directly proportional to arginase 


concentration. 


BIBLIOGRAPHY 


. Hunter, A., and Dauphinee, J. A., J. Biol. Chem., 85, 627 (1929-30). 
. Edlbacher, S., and Réthler, H., Z. physiol. Chem., 148, 264 (1925). 

. Van Slyke, D. D., and Cullen, G. E., J. Biol. Chem., 19, 211 (1914). 

. Hunter, A., and Downs, C. E., J. Biol. Chem., 155, 173 (1944). 

. Van Slyke, D. D., and Neill, J. M., J. Biol. Chem., 61, 523 (1924). 


a, wn 








8B 


SEESSSASSRKESRES BRENRR ws 


re eee, A 





ly 


se 
0: 
ve 
a- 
he 


re 


vi- 
to 
“al 
he 
re 








] 


8s 


SSESSSASKRSSSSS BRNRR SF BRE 





D. D. VAN SLYKE AND R. M. ARCHIBALD 309 


. Van Slyke, D. D., J. Biol. Chem., 73, 695 (1927). 
. Archibald, R. M., J. Biol. Chem., 157, 507 (1945). 
. Van Slyke, D. D., in Nord, F. F., and Werkman, C. H., Advances in enzymology, 


and related subjects, New York, 2, 33 (1942). 


. Van Slyke, D. D., and Archibald, R. M., Federation Proc., 1, pt. 2, 139 (1942). 


10. 
ll. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
. Weil, L., and Russell, M. A., J. Biol. Chem., 106, 505 (1934). 

. Greenstein, J. P., Jenrette, W. V., Mider, G. B., and White, J., J. Nat. Cancer 


Gross, R. E., Z. physiol. Chem., 112, 236 (1921). 

Vovchenko, G. D., Arch. Sc. biol., U. S. S. R., 42, 89 (1936). 

Hunter, A., and Downs, C. E., Canad. Chem. and Metal., 26, 242 (1942). 
Edlbacher, S., and Zeller, A., Z. physiol. Chem., 242, 253 (1936). 

Kitagawa, M., J. Agr. Chem. Soc. Japan., 16, 267 (1939). 

Bach, S. J., and Williamson, 8., Nature, 160, 575 (1942). 

Hunter, A., and Downs, C. E., J. Biol. Chem., 157, 427 (1945). 

Kossel, A., and Dakin, H. D., Z. physiol. Chem., 41, 321; 42, 181 (1904). 

Hunter, A., and Dauphinee, J. A., Proc. Roy. Soc. London, Series B, 97, 209 (1924). 


Inst., 1, 687 (1941). 


. Richards, M. M., and Hellerman, L., J. Biol. Chem., 134, 237 (1940). 
. Mohamed, M. S., and Greenberg, D. M., Arch. Biochem., 8, 349 (1945). 
. Austin, J. H., Cullen, G. E., Hastings, A. B., McLean, F. C., Peters, J. P., and 


Van Slyke, D. D., J. Biol. Chem., 54, 121 (1922). 


. Peters, J. P., and Van Slyke, D. D., Quantitative clinical chemistry, Methods, 


Baltimore, 54 (1932, 1943). 


. Archibald, R. M., and Hamilton, P. B., J. Biol. Chem., 160, 155 (1943). 


Van Slyke, D. D., and Archibald, R. M., J. Biol. Chem., 164, 623 (1944). 

Van Slyke, D. D., J. Biol. Chem., 73, 121 (1927). 

Van Slyke, D. D., and Sendroy, J., Jr., J. Biol. Chem., 73, 127 (1927). 

Hamilton, P. B., and Archibald, R. M., Ind. and Eng. Chem., Anal. Ed., 16, 136 
(1944). 

Kossel, A., and Gross, R. E., Z. physiol. Chem., 185, 167 (see p. 170) (1924). 

Stock, C. C., Perkins, M. E., and Hellerman, L., J. Biol. Chem., 125, 753 (1938). 

Hellerman, L., and Stock, C. C., J. Biol. Chem., 125, 771 (1938). 


. Van Slyke, D. D., and Zacharias, G., J. Biol. Chem., 19, 181 (1914). 


Kossel, A., and Curtius, F., Z. physiol. Chem., 148, 283 (1925). 

Hills, G. M., Biochem. J., 34, 1057 (1940). 

Niven, C. F., Jr., Smiley, K. L., and Sherman, J. M., J. Bact., 43, 651 (1942). 
Gale, E. F., Biochem. J., 34, 853 (1940); 39, 46 (1945). 

Taylor, E. S., and Gale, E. F., Biochem. J., 39, 52 (1945). 

Gale, E. F., and Epps, H. M. R., Biochem. J., 38, 232 (1944). 

Horn, F., Z. physiol. Chem., 216, 244 (1933). 

Tomota, S., J. Biochem., Japan, 32, 307, 401, 405 (1940). 

Tomota, S., J. Biochem., Japan, 33, 205 (1941). 


. Krebs, H. A., and Eggleston, L. V., Enzymologia, 7, 310 (1939). 














THI 


(Fron 











THE ASSAY OF ANIMAL TISSUES FOR RESPIRATORY ENZYMES 
V. THE MALIC DEHYDROGENASE SYSTEM* 
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The assay of animal tissues for the components of the malic dehydro- 
genase system can be carried out by applying the principles previously out- 
lined in other applications of the homogenate technique (1-4). A very 
high degree of cell disruption is accomplished by means of homogenization 
in hypotonic medium (2, 5). The homogenate is used at high dilution (1), 
and the desired phase of metabolism is studied by the addition of particular 
substrates and cofactors at concentrations which make the chosen reaction 
limiting (1, 2). 

In the case of the malic dehydrogenase system, the problem is compli- 
cated by the fact that two factors hamper the operation of the system. 
The first is the accumulation of oxalacetate. The equilibrium between 
malate and oxalacetate is strongly in favor of malate, so that, unless the 
oxalacetate is removed, the oxidation of malate is rapidly inhibited. If 
the oxalacetate were oxidatively removed, the measurement of malate 
oxidation would include an unknown quantity of oxalacetate oxidation. 
Fortunately Banga and Szent-Gyorgyi discovered that the addition of 
glutamate to the reaction mixture “‘fixed’? the oxalacetate so that malate 
oxidation could proceed ((8), see also (9)). The second complicating 
factor is the fact that the malate system requires DPN (diphosphopyridine 
nucleotide, coenzyme I, cozymase) and this compound is rapidly destroyed 
in homogenates (10). Here the problem was solved by Mann and Quastel 
(11), who found that nicotinamide, a constituent of DPN, markedly in- 
hibits the breakdown of the coenzyme and thus facilitates the study of the 
DPN-linked dehydrogenases. Cytochrome c has to be restored to homo- 
genates to overcome the lowering of its concentration by simple dilution 
(2,3). Similarly, DPN has to be added to homogenates in order to com- 
pensate for its dissociation from its specific proteins, although the nature 
of this dissociation may need to be reexamined in view of recent findings 
for other cofactors (12, 13). 

So far as we are aware, the malic dehydrogenase system has not been 


* This work was aided by the Jonathan Bowman Fund for Cancer Research. 
‘As Cohen has pointed out (6), their finding constituted evidence for what was 
later recognized as transamination (7). 
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previously studied with all of the above considerations in mind. Strayb 
(9) did not make use of nicotinamide, while Mann and Quastel (11) did not 
employ glutamate or cytochrome c. In the present study, the optimum con. 
centration of all of the reactants was sought and the test system was based 
upon the use of homogenates in order that a technique for the assay of vari. 
ous normal and pathological tissues could be worked out. 

By adding malic dehydrogenase, the limiting factor becomes DPN. 
cytochrome c reductase? instead of malic dehydrogenase, and both enzyme 
can be conveniently assayed on one small sample of tissue.’ 


EXPERIMENTAL 


All of the work reported in this paper was based upon the measurement 
of the rate of oxygen uptake by means of the conventional Warburg ap- 
paratus at 38°. Considerable work was carried out with flasks with side 
arms, so that the oxidation of malic acid could be initiated after equilibra- 
tion by adding the coenzyme (DPN) from the side arm. In this work, 
the reactants were at room temperature before being placed in the bath. 
More recently we have used flasks with no side arms, and have placed them 
in a pan of cracked ice just before adding the homogenate. The cold 
flasks are then transferred to the 38° bath and the measurements are begun 
after a 6 minute equilibration. When the rate of uptake is low, the first 
5 minute reading may be in error but subsequent readings represent the 
attained rate. It can be stated that either method gives valid results for 
this particular system, owing to the stability of the malic dehydrogenase, as 
will be brought out later. We prefer the flasks with no side arms, and most 
of the data in this paper were obtained with the technique in which ice is 
employed to control the reaction prior to the beginning of measurements. 

In the preceding publication (17) we adopted a nomenclature which 
recognized the differences between homogenates prepared in hypotonic and 
in isotonic media originally pointed out by Elliott and Libet (5). All df 
the present work was done with “water homogenates” so as to obtain max- 
mum disruption of cells, except in one series of experiments which demon- 
strates the basis for this procedure. 

Most of the work was done on rat liver, and, in most cases, the animals 
were used at an age of between 2and 4 months. Tissues from such animals 
appear to yield the highest values. 

Cytochrome ¢ was prepared in the laboratory and standardized spectro- 


? This name is modified from the previous term employed (14) in keeping with the 
present tendency to use the term DPN. 

? The assay conditions were stated in a laboratory manual in 1945 (15) but no data 
were given. The conditions have been slightly modified since their application by 
Anderson et al. (16). 
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photometrically (15). The malic acid was obtained from the Pfanstiehl 
Chemical Company, while the glutamic acid and nicotinamide were Merck 
products. The chief problem in this work has been the supply of coenzyme 
(DPN), since each experiment requires so much of the material. Our 
early work was made possible by generous gifts of DPN from Merck, while 
more recently Dr. G. A. LePage of this laboratory, using a procedure based 
on that of Williamson and Green (18), has kindly made adequate supplies 


TaBLe I 
Optimum Conditions for Malic Dehydrogenase System 


The source of enzyme was rat liver; 0.2 ml. of a 5 per cent water homogenate was 
added to each flask. The data for each compound added were obtained from a sepa- 
rate experiment with a freshly prepared homogenate. Thus the variation between 
animals is the source of the variation in the plateau values obtained with the various 
compounds. Each compound was studied at varying concentrations with all other 
compounds held constant and at the optimum value. The concentration of each 
component selected for the assay technique is indicated by bold-faced type, and if 
two concentrations are thus indicated, the chosen concentration is between the 
values given. The Qo, was calculated on the basis of the best 10 minute period. 























Malate Glutamate Nicotinamide Phosphate DPNt | Cytochrome c 
; as 
Molarity| o, Molarity Qo, Molarity | Qo,° Molarity Qo, Qo, gas | Qo, 
y per mil. 

0 8.8) 0 17.2; 0 57.6 | 0 100.4 0 0 0 14.3 
0.0083 | 69.4 | 0.0083) 53.3 | 0.0033) 74.0 | 0.010 |102.4 33 | 28.6 | 0.33 [36.1 
0.0167 | 77.4 | 0.0167) 60.8 | 0.0067) 75.8 | 0.020 | 94.2} 100} 62.4 | 0.67 |47.9 
0.083 | 82.8 | 0.033 | 71.6 | 0.0134) 79.4 | 0.027 | 96.6) 333 | 94.2 | 1.33 (66.3 
0.068 | 82.8 | 0.058 | 69.8 | 0.02 | 79.0 | 0.033 | 92.0) 1000 | 112.0 | 2.66 [85.1 
0.083 | 71.4 | 0.083 | 72.6 | 0.033 | 79.6 | 0.050 | 84.4) 2000 | 112.0 | 4.00 |91.8 
5.33 |92.2 



































* Qo, based on the second 10 minute period to accentuate the effect of protecting 
diphosphopyridine nucleotide (DPN) by addition of nicotinamide. 
t Preparation from Merck and Company, Inc., about 40 per cent DPN. 





available. We are also indebted to Dr. F. Schlenk for a primary DPN 
standard. Recently the Schwarz Laboratories, Inc., has placed a 40 
per cent DPN product on the market, and we find it satisfactory. The 
non-metallic impurities in DPN preparations having 40 to 80 per cent DPN 
do not appear to interfere with the reaction system here employed, and it 
is merely necessary to determine the plateau level of the DPN available. 


‘We are glad to acknowledge the cooperation of Merck and Company, Inc., in 
supplying us with certain compounds for this work. The supplies of DPN were 
especially helpful, and were obtained from Merck through the courtesy of Dr. D. F. 
Green. 
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If metals are present, the plateau level will be depressed. Neutral solv. 
tions of 1 per cent DPN have been kept refrigerated for 1 week without ap. 
parent loss and all other solutions employed appear to keep indefinitely 
when refrigerated. However, those that will support molds, ete., are 
made up in 50 ec. quantities and are not used after 2 weeks. 

Components of System—According to present information, the malic 
dehydrogenase system consists of malic dehydrogenase, DPN, DPN-cyto- 
chrome ¢ reductase,’ cytochrome c, and cytochrome oxidase. Although 
further dissection of the system may be anticipated (19), it is fairly safe to 
assume that there is no dissociation of components beyond those listed, 
when fresh homogenates are used, and the data of this paper support such 
an assumption. Earlier investigators had shown the importance of addi- 
tions of cytochrome c (9), DPN (20), glutamate (8), and nicotinamide (11), 
as well as the reasons for adding these substances. It remained to adapt 
these findings to the study of the reaction in tissue homogenates and to find 
the optimum concentration of each component. This has been done ina 
large series of experiments and the data are condensed in Table I. The 
system does not appear to need additional sources of inorganic phosphate, 
but an appreciable amount is used in order to increase the buffering capacity 
of the medium somewhat. The data clearly demonstrate the need for each 
of the other components, and the effect of each can be explained on the 
basis of the accompanying diagram in which reactions A, B, C, and D are 


Fumarate 





Malate DPN H; Cytochrome c** 0, 
| (A) | (B) | (c) 
oe a = 


Oxalacetate DPN Cytochrome c*** H,0 


(D) | + Glutamate Pg 
\ 


Aspartate + a-ketoglutarate Breakdown inhibited by nicotinamide 


catalyzed by enzymes which are furnished by the homogenate, and are con- 
sidered to represent malic dehydrogenase, DPN-cytochrome ec reductase, 
cytochrome oxidase, and transaminase respectively. Enzymes in the 
homogenate determine the rate of oxygen uptake when the components 
listed in Table I are all added in excess. Proof that this is true is given 
in Table II, in which the rate is shown to be proportional to the amount 
of homogenate added. If one of the enzymes is definitely the limiting 
component, the data in Table IT show that the system is probably valid for 
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assay work. Table III shows that fumarate is almost as good as malate, 
so that fumarase is probably present in amounts nearly as great or possibly 
greater than the other components. However, malic acid is the more de- 
sirable substrate. Previous assays for cytochrome oxidase (2) show that 
this enzyme is present in larger amounts than required here, and is probably 
not limiting. The rate falls off considerably even in the present system, and 


TaBie II 
Relation of Oxygen Uptake to Tissue Concentration 


The source of enzyme was mouse liver; a 2.5 per cent water homogenate was pre- 
pared. The components of the assay system were added on the basis of the data in 
Table I, the sodium salts of all acidic compounds, adjusted to pH 7.4 to 7.6, being 
used. The actual amounts were as follows: 0.8 ml. of 0.1 m phosphate, 0.3 ml. of 0.5 
wu glutamate, 0.3 ml. of 0.5 m malate, 0.3 ml. of 0.1 m nicotinamide, 0.3 ml. of 1 per cent 
solution of diphosphopyridine nucleotide (DPN) preparation (40 per cent DPN), 
0.3 ml. of 4 X 10-4 m cytochrome c, plus 0.1 to 0.6 ml. of 2.5 per cent homogenate and 
water to make a final volume of 3.0 ml. The center cup contained 0.2 ml. of 2 Nn 
NaOH. Temperature, 37°. Flasks with no side arms were used, chilled just before 
adding the homogenate and equilibrated 6 minutes at 37°. 





Fresh liver per flask, mg............... | 2.5 | 5.0| 7.5| 10.0] 12.5| 15.0 
0, per best 10 min., microliters . .....| 11.4" | 25.0 | 36.7 | 48.8 | 56.8 | 65.6 
TES piaicnauln wadinthaih  n5ix: | 91.2 100.0 | 98.0 | 97.6 | 91.0 | 87.5 





* The second 10 minute period was chosen; in all other cases the value for the first 
10 minutes was the best. 


Taste III 
Comparison of Substrates for Malic Dehydrogenase Assay 


Conditions as in Table II, except that 0.2 ml. of 5 per cent mouse liver homogenate 
was used in all flasks, and the source of malate was varied. 











Qo, 
Substrate 
0.2 ml. 0.5 m substrate 0.3 ml. 0.5 m substrate 
Malate (Sargent)......... oe 62.6 63.8 
l-Malate (Pfanstiehl)....... an 96 .2 95.0 
Fumarate (Eimer and Amend).. 88.0 89.6 








loss of DPN must be in part responsible. Application of the test system to 
brain yielded much lower results than for liver, and this might be attributed 
to the DPNase of brain (4, 11), or it might be thought to be related to a 
deficiency of transaminase. One test of such possibilities is afforded by 
summation experiments, such as shown in Table IV, in which the ability 
of each tissue to oxidize malic acid is measured separately and in combina- 
tion with the other tissue. The results are in close agreement, suggesting 
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that the same component is limiting for both tissues. Thus the assay of 
each tissue is probably valid. Since the data are based upon the first 
readings, before much DPN is lost or much oxalacetate has accumulated, 
it is considered virtually certain that the assay is a determination of either 
malic dehydrogenase or DPN-cytochrome c reductase; that is, of A or B in 
the diagram. Evidence presented below indicates that B is in excess, 
so that the assay is probably a measure of malic dehydrogenase in most 
instances. 5 

Further Resolution of Components—In order to determine with greater 
certainty the limiting component of the malic dehydrogenase system, it is 
necessary to study the effect of adding malic dehydrogenase to the system. 
If malic dehydrogenase is the limiting component, an increased rate will 
be observed. Pure malic dehydrogenase would be the proper reagent here, 
but it is convenient to use a muscle extract of the type originally used for 


Tasie IV 
Summation of Malic Dehydrogenase Activity 


5 per cent water homogenates of rat brain and rat liver were prepared, and the 
malic dehydrogenase activity of each tissue was determined separately and in the 
presence of the other tissue, 0.2 ml. of each homogenate being used. The conditions 
were asin Table II. Two different rats were used. Data are expressed as the micro- 
liters of oxygen taken up per 20 mg. of fresh tissue per 10 minutes. In rat liver this 
is also the Qo, (15). 











Liver activity Brain activity Calculated sum Observed sum 
| | mes 
122.4 27.8 | 150.2 | 153.2 
92.8 27.2 | 120.0 125.8 








glycolysis studies. Such a preparation was used by Green, Needham, and 
Dewan (20) using rabbit muscle, and was referred to as a mutase. Their 
preparation was shown to catalyze the reaction 


(1) Malate + DPN = oxalacetate + DPN H, 


but to be unable to catalyze the reactions which lead to oxygen uptake 
(20). When such a preparation was added to the system described in 
Table II, an increase of about 50 per cent in the rate of oxygen uptake was 
observed. Thus it seems likely that in the system in Table II the limiting 
component was malic dehydrogenase, and that the system represents an 
assay for this enzyme. As might be expected, assay of pigeon breast 
muscle showed that the concentration of malic dehydrogenase was hi 

and this has been used for large scale preparation of crude malic dehydro- 
genase as follows: Breast muscle from eleven pigeons was extracted with 4 
volumes of distilled water in a Waring blendor in the cold. The mince was 
allowed to stand 24 hours in the cold and was then filtered by gravity in 
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the cold room during the next 24 hours. The clear red filtrate was treated 
at —5° with 2 volumes of cold acetone and the precipitate was centrifuged 
down, placed in dialysis tubing, and dialyzed through four changes of dis- 
tilled water. The insoluble protein was filtered off and the clear solution 
was placed in a series of 13 X 100 mm. tubes, frozen, and stored in the 
frozen state at about —20°. The activity of the resulting preparation is 
shown in Table V. When the malic dehydrogenase is present in excess, the 
limiting reaction is almost certainly reaction B, catalyzed by DPN-cyto- 
chrome c reductase, since the attained rate is still well below the cytochrome 
oxidase rate. Thus it is possible to assay for both A and B with little addi- 
tional effort. The data in Table V include assays on primary hepatomas, 
in comparison with normal liver. Aside from the fact that the hepatomas 


TaBLe V 
Assay for DPN-Cytochrome c Reductase 

Water homogenates of rat liver and hepatoma were tested at a level of 10 mg. of 
fresh liver or 20 mg. of hepatoma per flask, the conditions for the malic system ap- 
proximately as described in Table II being used. In addition, varying amounts of 
crude malic dehydrogenase preparations were added in order to test the capacity of 
the homogenate to catalyze the reaction between reduced DPN (diphosphopyridine 
nucleotide) and oxidized cytochrome c. The data are expressed as microliters of 
oxygen taken up per 20 mg. of fresh tissue per 10 minutes. 

















Malic dehydrogenase preparation added Liver Hepatoma*® 
ae Sk hos Ss duadtibuiste bik 109.6 9.7, 13.4 
Pigeon breast muscle extract, 0.1 ml... 163.2 12.8, 17.4 

. « oS 68 173.0 
“ ini “ce ce 0.5 [ai ai 180.8 





*Two different specimens. 


were very low in comparison with normal liver, the data are interesting 
technically, because the hepatomas exhibit such a narrow margin between 
the two enzymes that one may ask whether there is sufficient cytochrome 
reductase in the hepatoma to yield a valid malic dehydrogenase assay. 
However, summation experiments such as were done with brain in Table 
IV gave very slight increases. It would be desirable to add pure crystalline 
malic dehydrogenase instead of the crude material, but this material has 
not as yet been obtained. The crude material which has been used thus 
far is incapable of independently catalyzing oxygen uptake in the reaction 
mixture and is virtually free of cytochrome reductase and cytochrome oxi- 
dase but probably contains transaminase. The presence of the latter is 
desirable. 

Properties of System—lIt is desirable to know something about the proper- 
ties of the system in order to know what precautions are needed to avoid 
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loss of activity and in order to coordinate the system with other systems; 
e.g., coupled phosphorylation (21, 22). For the latter, we have used water 
homogenates, and the data herein show that water homogenates can be 
used for the present system. However, a comparison with the isotonic 
homogenate is of interest and is given in Table VI, which includes the 
effect of DPN and cytochrome c on both types of homogenate. It is 
rather surprising to find that the isotonic homogenate is nearly as dependent 
upon added DPN and cytochrome c as the water homogenate, since in the 
ease of the succinic system the isotonic homogenate was relatively inde- 


Tasie VI 
Malic Dehydrogenase Activity in Water Homogenates and in Isotonic Homogenates 
Contiguous portions of tissue from the livers of individual rats were homogenized 
in distilled water or in isotonic NaCl at a concentration of 5 per cent, and the malic 
dehydrogenase activity was measured by the test system described in Table II, 
except that saline was added to the flasks containing water homogenates in an 
amount equal to that contained in the isotonic homogenates. 

















Variations in reaction mixture 
Preparation 
Complete system |  CYmene® | nudleotide omitted 
microliters Os microliters Os microliters Or 

Water homogenate 120.0 8.8 0 
Isotonic homogenate oa tae 93.0 13.2 | 9.2 
Water homogenate, median lobe... 129.2 | 

o = left lobe....... 124.0 
Isotonic homogenate, median lobe 102.6 | | 

“ «left lobe.....| 109.2 | 


| | 





pendent of added cytochrome (17). Table VI includes data comparing the 
results of assays on adjacent portions of liver by each technique, as a con- 
trol on the possible variation in samples. The agreement was excellentin 
each case. The water homogenate is considered to be the better technique 
for preparing tissue for assay (cf. (4)). 

In the previous work with coupled oxidation and phosphorylation the 
system was extremely unstable, and brief incubations at 38° in the absence 
of the reaction mixture resulted in inactivation (21). Unpublished data on 
the octanoate system (17) suggest even greater instability. In these sys- 
tems, speed and cold are necessary precautions in handling the homogenate. 
The malic system is in marked contrast, as shown in Table VII. No loss 
in malic dehydrogenase occurs in a 5 per cent water homogenate in 15 
minutes at 38° or in 24 hours at 0°. This may well be a result of the fact 
that in the malic system we know the identity of the coenzyme and replace 
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Tasie VII 
Stability of Malic Dehydrogenase System in Liver Homogenates 
Water homogenates containing 5 per cent of fresh rat liver were tested for malic 
dehydrogenase activity in the test system described in Table II. Aliquots were 
incubated for various periods of time at 0° and at 38° and then tested under the stand- 
ard conditions. The incubation time and temperature refer to the treatment of the 
homogenate before its addition to the test system. 








— | “Siw | “age | ee 
Y Qo, 
3-1* Control 0 0 
os 3000 95.8 
oe 1000 81.0 
5 min., 38° 1000 72.4 
wa 2 1000 75.6 
15 “ 38° 1000 77.0 
24 hrs., 0° 1000 88.2 
3-26f Control 0 0 
o 1000 95.0 
« 3000 120.0 
ee 6000 119.2 
24 hrs., 0° 3000 116.2 














* Cozymase from Merck and Company, Inc. 
t Cozymase from Dr. LePage, prepared according to Williamson and Green (18). 


Tass VIII 
Effect of Certain Inhibitors on Malic Dehydrogenase System 
Water homogenates containing 5 per cent of fresh rat liver were tested for malic 
dehydrogenase activity in the test system described in Table II. The inhibitors 
were added to the reaction mixture after all other reactants except the homogenate 
had been added. Each experiment was carried out with a liver from a different rat. 
The values represent Qo,. 

















: Inhibitor, final concentration 
Sepymat Control : 
4 Fluoride, Malonate, Dinitrophenol, | Dinitrophenol, 

u/75 00lim 0.0001 uw 00lm 

3-27 122.8 125 133.0 

3-29 119.0 123.0 111.0 102.0 

3-30 90.8 74.6 90.8 83.6 

4-1 106.0 107.8 




















it in excess, while in the “labile” systems there may be as yet unidentified 
coenzymes.’ The data show that no special precautions are necessary in 
the case of the malic system. 


‘We were unable to reactivate octanoate oxidation with DPN of proved activity 
in the malic system, in contrast to previous findings (23). 
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It was desirable to use fluoride in the phosphorylating system (21) ang 
we wished to know whether this would inhibit the fully activated mali 
system. The data in Table VIII show that fluoride even in a high cop. 
centration does not inhibit malate oxidation. In studying the components 
of the Krebs cycle, it is desirable to add malonate to block the cycle at the 
succinate stage, if malonate does not interfere with the chosen reaction, 
We conclude from Table VIII that malonate does not inhibit malic dehy. 
drogenase in the complete system (but see (24)). Dinitrophenol was found 
to inhibit oxidative phosphorylation in unpublished experiments, but com. 
parable levels had a negligible effect on malate oxidation, as shown in 
Table VIII. 

Another question of considerable interest is the action of the system upon 
other substrates. Oxalacetate and a-ketoglutarate are formed in the 


TABLE IX 
Oxidation of Lactate in Malic Dehydrogenase System 
Each tissue was studied at a level of 10 mg. of fresh tissue prepared as a 5 per cent 
water homogenate, with conditions as in Table II, except that when lactate was the 
eubstrate, no glutamate was added. The data are expressed as microliters of oxygen 
taken up per 20 mg. of fresh tissue in 10 minutes. 








Tissue studied 











Substrate ee ' . 
Liver Kidney | Brain Hepatoma 
Malate | 119.0, 106.0,* 92.8, 90.8! 89.6, 84.6 27.2, 27.8 17.4 
Lactate 57.4, 51.8, 53.6, 35.0 | 34.0 | 6.6 5.6 





* When glutamate was omitted, the value fell to 21.8 (compare Table I), which is 
considerably lower than the corresponding value of 51.8 for lactate. 





reaction, although the amounts are very small in the first 10 or 15 minutes. 
However, the absence of Mg++ and adenosine triphosphate (ATP) from 
the reaction mixture makes any significant oxidation of these substances 
very improbable. Moreover we have been unable to increase the oxygen 
uptake on malate by additions of ATP or various ion combinations to the 
present “complete” system. On the other hand, lactate is oxidized effec- 
tively in this system by liver or kidney homogenates, but not by brain 
or hepatoma homogenates (Table IX). This does not detract from the 
malate assay, but may offer an opportunity to study lactate oxidation or, 
by use of lactate plus malate, to study the requirements of the Krebs 
condensation. 

Assay Results—A number of assays have been carried out on rat liver, 
and the results together with data from some other tissues are presented 
in Table X. It is clear that hepatoma is low in comparison with normal 
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liver, and preliminary data on a number of other tumors show that they fall 
in the same range. It is interesting to find liver more active than kidney, 
since for a closely related enzyme, succinic dehydrogenase, the opposite 
was true (2). It is probably incorrect to assume that the change repre- 
sented by the comparison of liver with hepatoma is characteristic of the 
cancer process, however, since for succinic dehydrogenase a similar change 
was noted, while the opposite change was noted in the case of skin (25). 
What is needed is the widest possible survey of normal and cancer tissues, 
and more important, the relation between the level of the respiratory 


TABLE X 
Malic Dehydrogenase Assays 
The tissues were prepared for study in the form of 5 per cent water homogenates, 
and were added at a level of 10 mg. of tissue per flask, with conditions as in Table II. 
The data are expressed as microliters of oxygen taken up per 20 mg. of fresh tissue in 
10 minutes. 











Tissue —. | aa 
Rat liver.......... eer sh ate Gone 18 103.5 (73.2-125.4) 
“ hepatoma........... 5 15.1 (9.7- 20.2) 
at aie oi a pe i ar ane ap Wd hae 2 27.5 (27.2- 27.8) 
a ee RAE ae Relay 3 81.4 (70.0- 89.6) 
eo. cnenaavkedwedesaans 3 19.3 (17.3- 20.7) 
Cs sor So oS iC kad a we ee ae 2 100.6 (97 .6-103.6) 
Ns ck Sig Gin te ables wavede ee row es 1 42.2 
PROD GRMOUED. ...cciccccvecccrcccesds 1 107 .Of 








* Biopsy specimens showing mild arteriosclerosis, total sample 150 mg., of which 
130 mg. were used for another purpose. 

t A portion of this sample was stored as whole muscle for 2 weeks at 4° and assayed 
a second time, giving the figure 103.8 for malic dehydrogenase. 


enzymes and the complementary enzymes which deplete the energy 


balance (22). 


DISCUSSION 


The measurements of malic dehydrogenase activity as outlined in this 
paper tend to yield a figure which is actually a measure of the concentration 
of the specific catalytic proteins involved. They are essentially a measure 
of the potential activity of the enzyme being considered. With the total 
electron transport occurring through physiological carriers, and expressed 
as the Qo,, one has a figure which can be discussed in terms of the earlier 
measurements of Qo, on slices or for other enzymes in homogenates. 
Assays for cytochrome oxidase showed (2) that this enzyme is present in 
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concentrations much higher than found here for cytochrome reductase g 
for malic dehydrogenase, while the data thus far indicate that cytochrome 
reductase is present in excess over malic dehydrogenase. Thus each agggy 
depends upon the fact that the electron-transporting enzymes increase jy 
concentration as the pathway approaches oxygen. The physiological sig. 
nificance for this is probably that there is a certain amount of convergence 
of systems as oxygen is approached. In the case of cytochrome oxidase 
the plateau level of cytochrome c was very high, and in the present cage 
the saturating amount of DPN was very high. In each case the observa. 
tion may be due to the fact that the added electron carrier has to shuttle 
between two reactants which are widely separated in space, one of which is 
particulate. So long as we are able to supply the missing diffusible com. 
ponents of the systems in sufficient quantity, we are able to compensate for 
the dilution of the cellular contents, and to permit the limiting enzyme to 
work at its maximum capacity. One must recognize the possibility, how- 
ever, that the concentration of the ‘“‘excess” enzyme may not actually be in 
wide enough excess to give the maximum values for the “limiting” reae- 
tion, although if enough of the mediating carrier is present, the permissible 
margin should be quite low. 

If it is true that the data constitute a reliable measure of the potential 
malic dehydrogenase and cytochrome reductase activity of the samples, one 
must consider the physiological significance of these data. When it is 
considered that the Qo, of liver slices is probably not outside the range of 6 
to 10, it is clear that under these conditions only a small fraction of the 
malic dehydrogenase (average Qo, 103) is being used in the respiring tissue 
slice. Without questioning the significance of the data on slices at this 
point, and recognizing the importance of ‘“‘control factors” in metabolism, 
we nevertheless attach significance to the individual enzyme assays on the 
theory that the total amount of any given enzyme in a tissue must bes 
mathematical function of the average actual use to which the enzyme is put 
in the given tissue. Such an interpretation implies that the concentration 
of a given enzyme in a tissue will be increased or decreased under certain 
conditions. Recent studies have demonstrated the alteration of enzyme 
concentration in yeasts, depending upon the presence of the specific sub- 
strate (26). That the concentration of certain respiratory enzymes may 
actually change in the course of training is suggested by Palladin (27) who 
has summarized data on this subject. Thus Chepinoga (28) reported that 
the succinic dehydrogenase of rabbit muscles was increased 50 to 100 per 
cent by training. Negative results in the case of studies on malic dehydro 
genase by the same author (29) must be discounted in view of the lack of 
adequate assay techniques at that time. Recently we have shown marked 
increases in succinic dehydrogenase and cytochrome oxidase in rat liver 
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and brain of new-born rats (30) and Meyer, McShan, and Erway (31), 
using the same methods, found that the corpora lutea of rat ovaries fluctuate 
between an average succinate Qo, value of 18.5 during diestrus to 46.8 in 
pregnancy. ‘These authors state “there is a direct correlation between the 
succinic dehydrogenase activity and the high and low levels of lutein tissue 
function.” These fluctuations in succinic dehydrogenase activity in 
highly specialized tissue with periodic function constitute strong support 
for the assumption that the measurements of potential enzyme activity 
are physiologically significant. 

For a complete understanding of the significance of the concentration 
of a respiratory enzyme, however, its activity must be considered in rela- 
tion to the activity of the enzymes which make use of the energy of oxida- 
ion. This is particularly important in interpreting the findings in cancer 
tissue, and will be discussed in a separate paper when more cancer data 
are available. The present system can now be coordinated with the total 
system for the study of oxidative phosphorylation (21, 22). 


SUMMARY 


1. The homogenate technique has been extended to the assay for malic 
dehydrogenase and DPN-cytochrome c reductase. 

2. The proposed technique is based upon the measurement of the rate 
of oxygen uptake by use of the conventional Warburg apparatus and water 
homogenates of animal tissues at a level of 2 to 20 mg. of fresh tissue per 
flask. 

3. The complete chain of reactants includes malic acid, malic dehydro- 
genase, diphosphopyridine nucleotide (DPN, coenzyme I), DPN-cytochrome 
c reductase, cytochrome c, cytochrome oxidase, and oxygen. Purified 
preparations of DPN and cytochrome c are added in excess. 

4. Side reactions are controlled to some extent by adding glutamic acid 
to decrease oxalacetate accumulation and by adding nicotinamide to de- 
crease DPN breakdown. 

5. Muscle extracts containing malic dehydrogenase but lacking cyto- 
chrome enzymes were added to the complete system to shift the assay 
from malic dehydrogenase to cytochrome reductase. 

6. Some of the properties of the system were studied, and assays for 
liver, hepatoma, and a few samples of other tissues were reported. 


This work was greatly facilitated by gifts of DPN and other chemicals 
from Merck and Company, Inc., by a primary standard of DPN from Dr. 
F. Schlenk, and by large amounts of DPN prepared by Dr. G. A. LePage. 
We are also grateful to Dr. J. A. Miller and Dr. E. C. Miller for supplying 
the primary rat hepatomas, which were produced by feeding p-dimethyl- 
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aminoazobenzene; and to Dr. T. 
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specimens of human kidney. 
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HYDROLYSIS PROCEDURES FOR THE DETERMINATION OF 
TRYPTOPHANE IN PROTEINS AND FOODSTUFFS 
BY THE MICROBIOLOGICAL PROCEDURE* 


By IRENE TATMAN GREENHUT, B.S. SCHWEIGERT, anv C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, June 20, 1946) 


Asurvey of the literature shows that a number of different methods have 
been used for the estimation of tryptophane in foodstufis. Greene and 
Black (1), Wooley and Sebrell (2), and Stokes et al. (3) have recently 
described microbiological methods for the determination of this amino 
acid. Difficulties are encountered in the microbiological method and in 
many other methods of assay because tryptophane is subject to destruction 
during liberation from the sample. 

We wish to report in this paper studies on the reliability of different 
hydrolysis procedures. Lactobacillus arabinosus was used as the organism. 


EXPERIMENTAL 


The basal medium was the same as that used by Schweigert et al. (4) 
for leucine and valine assays, except that casein hydrolysate and cystine 
(50 mg. and 2 mg. respectively, per tube) were used in place of the purified 
amino acids. Pure l(—)-tryptophane was used for the standard curves 
at the following levels: 0, 2.5, 5, 7.5, 10, 12.5, 15, and 20 y per tube. The 
curves obtained are similar to those previously reported for tryptophane. 
The blank titration was 0.5 ml., while the 20 y level of tryptophane pro- 
duced acid equivalent to 14.0 ml. of 0.1 N sodium hydroxide after an in- 
cubation period of 2 days. Two samples of di-tryptophane were found to 
possess one-half the activity of samples of l(—)-tryptophane; these results 
confirm the finding of Wooley and Sebrell (2). A sample of d(+)-trypto- 
phane showed no activity in water solution. 

When samples were treated with acid or alkali, the following conditions 
were used. 1 to 5 mg. of tryptophane, 100 to 200 mg. of purified protein, 
or 1 gm. of meat sample was autoclaved at 15 pounds pressure with 25 ml. 
of 2.N acid or 10 ml. of 1 or 5 N sodium hydroxide. After the solutions 
were autoclaved they were cooled and diluted to 100 ml. 10 to 25 ml. 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by a grant from the National Live 
Stock and Meat Board. We are indebted to Dr. C. P. Berg, State University of 
lowa, Iowa City, for a supply of d(+)-tryptophane. 
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aliquots were neutralized and diluted to 100 ml. and duplicate aliquot 
containing 1, 2, and 3 ml. were used for assay. To several of the samples, 
quantities of pure tryptophane were added before hydrolysis. The per. 
centage of the added tryptophane recovered (as estimated by comparison 
with samples without this addition) is recorded in Table I under th 
heading “Recovery.” 

No measurable destruction or racemization of pure /(—)-tryptophane 
or of d(+)-tryptophane occurred when they were autoclaved with distilled 
water for 2 hours. 

Treatment of l-tryptophane for 2 hours with 2 N acid resulted in a log 
of about 25 per cent of its activity. Since similar losses occurred with the 
racemic form and d-tryptophane gave no activity after treatment with acid, 
most of the loss of activity must be due to destruction. This destruction 
is not a result of humin formation, since no carbohydrate was present, 
Values for tryptophane in casein after acid hydrolysis for 2 hours were 
reproducible but the results were extremely erratic in the case of meat 
samples. Consequently, the recoveries showed similar variability. The 
effect of the duration of acid hydrolysis on the apparent tryptophane con- 
tent of a sample of pork is recorded in Table I. The values increased at 
first and then decreased as the period of autoclaving was prolonged. Sini- 
lar results were obtained with lower concentrations of sulfuric acid and 
with hydrochloric acid on several other meat samples. 

Decreased activity of both I- and dl-tryptophane likewise occurred 
after autoclaving with alkali. This loss of activity, which is of the same 
order as that produced by acid, is partially due to racemization, since 
alkaline treatment of d-tryptophane produced racemization. When the 
duration of alkali treatment was increased to 20 hours there was no greater 
loss than was observed after 2 hours. 

The results obtained after casein was hydrolyzed for 1 hour with 5x 
sodium hydroxide were relatively reproducible and largely independent of 
duration of treatment. Lower values were obtained when 1 nN sodium 
hydroxide was used. The values for casein, obtained by alkaline hydroly- 
sis, are approximately half those obtained by acid hydrolysis. This 
difference has been explained on the basis of racemization (1). 

The reproducibility of the tryptophane values obtained when meat 
samples were hydrolyzed with alkali was not as good as with casein but 
was considerably better than with acid treatment. Values did not decrease 
upon further digestion up to 8 hours. The tryptophane values for the 
alkaline hydrolysates of meat were about half those obtained with acid. 

Since treatment with either acid or alkali decreased the activity of pure 
tryptophane and since the values obtained with meat samples were erratic, 
enzymatic methods were used for the liberation of tryptophane. Greene 
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and Black (1) obtained low values when samples were hydrolyzed for 24 
hours with pancreatin. Wooley and Sebrell (2) used pepsin followed by 
trypsin and erepsin. Pancreatin was used in some of the present studies, 
while in others it was combined with preparations from hog or rat mucosa. 


TaB.e I 
Effect of Acid and Alkali in Liberation of Tryptophane 





} 























Duration} _ 
Sample Hydrolytic agent ». & aa l-Tryptophane | Recovery 
claving | 
hrs. per cent per cent 
l(-—)-Tryptophane.... H,O 2 6 95 -103 
d(+)-Tryptophane. .. 5 2 2 0 
\(-)-Tryptophane. ... 2n HCl 2 6 62 -82 
ss és 2 “* H,SO, 2 2 76 
5 “* NaOH 2 10 62 -84 
“ ee ™ 20 3 67 -70 
dl-Tryptophane ..... 2 “ HCl 2 3 32 -38 
CE 5 “* NaOH 2 4 31 -38 
age: 5“ 20 2| 3 -4 
d(+)-Tryptophane 2 “* HCl 16 2 0 
” 5 ‘“* NaOH | 16 5 12 -16 
Dc Uevevdiescece 2 * HCl | 0.5 1 0.54 
SS ee ee 2f.* 2 4 0.91-0.98 
Ue arg Sore neh ang 1 ‘* NaOH 3 2 0.37(Both) 
a ag 2 6S 1 1 0.54 
a — = 2 5 0.41-0.45 
= - * 5 9 | 0.45-0.53 7 
ree le 8 2 | 0.50-0.51 78 
. = 20 1 0.56 67 
te ears are ik 2 ** HCl 2 1l 0.09-0.16 80-142 
ee 2 “ H.SO, 5 2 0.06 88 
a = = |; 2 2 0.07 102 
ie = OS 5 2 0.04 76 
Sees 2s 10 2 0.01 | 20 
er 5 ** NaOH 3 3 | 0.04-0.07 98-126 
ee eo . 5 a 0.06 
eee 2 ** HCl 5 | 2 | 0.09-0.13 | 
MR 6 5s xe p05 aes 5 “* NaOH | § | 3 | 0.06-0.09 | 72-98 
ee } 5 « | s | 1 | 0,060.07 | 69 











The pancreatin was Merck, U. 8S. P. grade, the hog intestinal mucosa a 
commercial product furnished by Wilson and Company. Rat intestinal 
mucosa was fresh scrapings from the inner surface of the small intestine 


of adult rats. 


The duration of treatment, the amounts of the enzymes 


added, and the effects of shaking were studied on several purified proteins 
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and meat samples. For each | gm. sample of animal tissue or 100 to 2 
mg. of purified protein the amount of enzyme indicated in Table IT was 
used. The samples were placed in 100 ml. volumetric flasks, diluted with 
water to approximately 50 ml., and the pH adjusted initially to 8.2 with 
0.1 nN sodium hydroxide. The samples were then covered with toluene 
and placed in an incubator at 37° for varying periods of time. After the 
samples were hydrolyzed they were cooled to room temperature, diluted 
to 100 ml., and 10 to 25 ml. aliquots were taken. They were neutralized, 
diluted to 100 ml., and duplicate aliquots of 1, 2, and 3 ml. were used for 
assay. Corrections were made for the tryptophane added by the enzymes, 

The activity of /-tryptophane is not impaired when it is incubated for 
periods up to 5 days with pancreatin alone or when combined with mucosal 
preparation. With casein in the amount mentioned above it was found 
that when 2 days of incubation were used the tryptophane activity increased 
with increasing amounts of pancreatin up to 25 mg. When the pancreatin 
level was 25 mg. the amount of tryptophane liberated was increased during 
periods of incubation from 1 to 5 days. Further incubation was without 
effect; the tryptophane values remained the same after 8 days as they 
were after 5 days of incubation. The addition of hog mucosa to the di- 
gestion mixture did not increase the tryptophane values above those pro- 
duced by pancreatin alone. However, shaking of the digestion mixture 
with the two enzyme preparations present produced “‘maximal”’ liberation 
in 1 day. 

Fibrin and wheat gluten appear to be completely hydrolyzed by pan- 
creatin alone in | day. However, this was not true with lactalbumin, since 
definite increase in tryptophane liberation from this protein was noted 
after the addition of hog mucosa and shaking. 

Digestion of samples of pork with pancreatin alone, even for periods as 
long as 5 days, gave wide variations in the amount of tryptophane liberated. 
Such variation is also reflected in the irregular recoveries. The addition 
of hog or rat mucosa even in high amount and for prolonged periods of time 
did not eliminate this variability. Without shaking, the amount of trypto- 
phane liberated increased up to 5 days, but even with 5 days incubation 
the results were scarcely better in the runs containing mucosa than in the 
experiments employing pancreatin alone. If the samples were shaken 
continuously, the liberation achieved in 1 day was as great as that in 5 
days without shaking, and the variability between samples was practically 
eliminated. 

Continuous shaking of digests containing only pancreatin did not con- 
stitute an entirely satisfactory procedure, as can be seen from the figures 
for Pork 1. In these experiments, even with continuous shaking, the 
tryptophane was not completely liberated in 1 day, values on the 4th and 
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TaB_e II 
Enzymatic Liberation of Tryptophane under Various Conditions 







































































ST ! 
0 200 | Method of treatment | 5 
I was | Sample fen. | Hos <w Shaker*; Time Lt F l-Tryptophane | Recovery 
with | creatin| mucosa} mucosa 
with —— mg. mg. meg. days per cent per cent 
eee ~ |i ahem 
T the ee _ 2 5 | 1.09-1.16 
luted ae _ 1 2 | 1.17-1.19 
ized AE ~ 2 1 | 1.22 
i for “ 25 _ 3 2 | 1.21-1.26| 98 
Sees 25 - 5 4 | 1.22-1.30 
nes. “ 25 - 8 2 | 1.26-1.30 
d for ee cetnsl ae oe + 1 3 | 1.27-1.33 
cosal RTS mee - 1 2 | 3.18-3.24 
ound rs. | 80] 25 * 1% 3 | 3.07-3.36 
nee eae se FC + | 2 3 | 3.09-3.29 
eae Wheat gluten........ 50 - | 1 2 | 0.73-0.75 
“atin wf 50] 28 | + | 1 | 2 | 0.74-0.79 
ee oe we ED | + | 2 | 2 | 0.76-0.78 
hout Lactalbumin.. | 100 | - 3 | 2 | 2.13-2.33 
hon oe ssp] + 1 6 | 2.62-2.73 RA 
die | — 
“7 Dae 50 + . 4 | 0.12-0.14 | 97-109 | 
ture ays 
ae a + 1 2 | 0.15-0.16 | 96-103 
ton ER + | 4] 2 10.19 99-101 
“ 4 50 + 6 2 | 0.20 102-110 
pan- hrs. 
ince \ 50 | 25 + 7 4 | 0.16-0.18 | 106-119 La 
sted days f 
wo 50 | 25 | + | 1 | 3 | 0.190.21| 95-108 
ais -e.. 50 | 25 + 4 4 | 0.20 98-109 
ted ik 50 | 25 _ 5 6 | 0.14-0.19 
~ “ 2. 50 | 25 + 1 4 | 0.15-0.16 
hon “ 9... 50 | 25 + 2 4 | 0.15-0.17 
ime “ 3... 25 _ 5 | 12 | 0.10-0.20| 46-160 
oto- on te 25 125} — 1 3 | 0.10-0.16 | 78-130 
‘= ., 25 125} — 2 3 | 0.12-0.15 | 102-118 
the “ 3... 25 125| — 3 4 | 0.14-0.17 | 134 
ih. 25 125| — 5 5 | 0.14-0.19 
ken “ 3... 25 25| — | 8 | 1 |0.17 
n5 2S 25| 50 - 1 1 | 0.16 
ally a @ 25| 50 _ 2 1 | 0.16 
“ 3... 25 | 50 _ 3 2 | 0.14-0.16 
|. es. 25 | 50 _ 5 5 | 0.10-0.19 
ee... 50| 25 +. 1 4 | 0.17-0.18 
res | 
the | * Samples digested in a shaker are designated by +, while samples which did not 
ind receive continuous shaking are indicated by —. 
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6th days being markedly higher. The addition of hog mucosa, with shaking 
brings about complete liberation in 1 day but not in 7 hours. With ap 
identical digestion mixture, 5 days without shaking yielded less comple 
hydrolysis than 1 day with shaking (average tryptophane values 0.17 ané 
0.20 per cent respectively). The results for pork sample (No. 2) also 
illustrate the completeness of hydrolysis with 1 day of shaking in the pres. 


TaBLe III 


Tryptophane Content of Natural Foodstuffs 
































£ l 
wae | S| Mair oa | Ra [gate | Teyetopbage | values rom ita 
ee ee 2) ee ee ee ee ee ee 
111 & per cent per cent 
Lactalbumin... 9 95.9) 2.66 | 2.77 (2.88) | 2.3 (5), 1.79 @, 2), 
2.06(1) 
Casein. . oo aelins 3 | =a 1.31 | 1.54 (1.58) | 1.8 (5), 1.20 (1), 
| | | 1.07 (3), 1.20 (6, 
| 2) 
Fibrin iF 6 89.9) 3.20 | 3.56 3.4 (5) 
Wheat gluten... 4 82.8} 0.77 | 0.93 1.0 (5) 
Soy bean oil meal 3 43.9) 0.76 | 1.73 1.6 (5) 
kt A 4 74.0) 5.3) 19.2) 0.21 | 1.10 1.39 (7) 
ye Odes kabedea'e 3 74.5) 3.0) 21.7| 0.24 | 1.11 
Pork 1.. 4 50.2} 34.0) 14.9) 0.20 | 1.34 1.37 (1) 
aie, Serene, Soar 4 51.8) 33.8) 13.0) 0.16 | 1.23 
W) Wivinbeneeatweaur a 15.0) 0.19 | 1.28 
Beef Kidney 1.... 3 | 79.2) 3.0) 14.5) 0.19 | 1.34 1.81 (7) 
= - a 3 14.6) 0.21 | 1.44 
0 3 | 66.6) 16.9 16.0 0.19 | 1.19 
FO, baw 3 | 69.5) 4.1) 20.0) 0.32 | 1.60 1.38 (3), 1.81 (7), 
1.5 (5) 
J 3 18.1) 0.24 | 1.33 1.41 (7) 
as a) 3 | | 18.2} 0.23 | 1.26 

















* All values are calculated to 16 per cent N. The values in parentheses are cal- 
culated to 15.6 per cent nitrogen for casein and 15.4 per cent nitrogen for lactalbumin. 
+t Uncorrected. 


ence of pancreatin and hog mucosa. There was no change in values when 
the period was extended to 2 days. 

In Table III are presented tryptophane values for a few natural food- 
stufis. These were obtained by digesting the material with 50 mg. of 
pancreatin and 25 mg. of hog mucosa. The samples were shaken for 1 day 
in a 37° incubator and diluted for assay as described above. 


DISCUSSION 


The problem of perfecting a microbiological assay for tryptophane 
depends largely upon the development of a satisfactory method for hydroly- 
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sis of the materials to be analyzed. The reliability and specificity of the 
tryptophane assay with Lactobacillus arabinosus have not been questioned 
by those working in this field. Although Wooley and Sebrell (2) have 
shown that indole can replace tryptophane, their work indicates that none 
of the materials used in this study would supply indole. When judging 
the adequacy of a hydrolysis procedure, it appears logical to select the 
procedure which produces the highest tryptophane value. 

On this basis it is clearly evident that both acid and alkaline hydrolysis 
yielded values which were low for all the substances tested. Reproducible 
values were obtained for casein after acid hydrolysis but the known destruc- 
tion of pure samples of tryptophane and of tryptophane in the meat sam- 
ples after acid treatment renders the data for casein questionable. 

The values obtained after hydrolysis with sodium hydroxide were less 
variable but they were low even if complete racemization is assumed. 
That racemization is a factor is evident from the activity of solutions of 
d-tryptophane after alkaline hydrolysis. There is good reason to believe 
that there is destruction of tryptophane after treatment with alkali because 
pure samples of dl-tryptophane, so treated, showed markedly less than the 
50 per cent of the expected activity. The loss must be due to destruction, 
since these samples are completely racemized and gave the expected 50 per 
cent activity before hydrolysis. Wooley and Sebrell (2) and Horn and 
Jones (6) have not given serious consideration to destruction by sodium 
hydroxide. In the light of our results it seems possible to explain many 
of the differences between the two types of hydrolysis procedures which 
they used and between the chemical and microbiological determinations 
not only on the basis of incomplete hydrolysis or racemization but on 
varying degrees of destruction. 

With alkaline hydrolysis the destruction does not increase with prolonged 
time. It is probably for this reason that most workers have assumed that 
only racemization was concerned and that, if alkaline autoclaving were 
continued long enough, values representing half the tryptophane present 
would result. This seems to be the reasoning behind the recommendation 
of Stokes et al. (3) to autoclave for at least 10 hours. They believe sodium 
hydroxide digestion to be satisfactory but the values they obtained were 
lower than those obtained by enzyme treatment. Greene and Black (1) 
employed 5 mg. of pancreatin (for each 0.1 gm. of dry protein) for 24 hours, 
and found lower values than those they obtained by autoclaving with 
barium hydroxide. This is not surprising in the light of the present work, 
which indicates that in the absence of shaking complete hydrolysis is not 
obtained by digestion with pancreatin alone even after periods of several 
days, except with a few materials. 

Wooley and Sebrell (2) investigated pepsin, trypsin, and erepsin as 
hydrolytic agents. A digestion period of 4 days was employed. Their 
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results for casein and lactalbumin are lower than those reported in the 
present work. In general in order to obtain complete liberation of trypto. 
phane in reasonable lengths of time it is necessary tocombine mucosal 
preparations with pancreatin and shake the reaction mixture continuously, 
Our experience indicates that low values are associated with marked varig- 
tion between aliquots of a single material, and suggests that hydrolysis 
has proceeded at varying rates due to uncontrolled factors such as particle 
size. Thus, it is possible that certain samples may require more than | 
day for digestion, but the samples tested in the present study have given 
maximal liberation with 1 day under the conditions outlined above. 

The actual values obtained for several different samples are listed jn 
Table III. Direct comparison can be made with the results obtained by 
other workers. The values for the meat samples are lower than those 
obtained by Beach et al. (7) by a chemical method. The values for casein 
and lactalbumin are higher than those obtained by Wooley and Sebrell (2) 
and Horn and Jones (6) by enzymatic digestion, and are generally higher 
than those reported by Greene and Black (1) by either of their methods. 
The values for casein and beef liver reported by Stokes et al. (3) by alkaline 
hydrolysis are lower than those reported by any of the investigators. 
Variations in results among workers are believed to be due to incomplete 
liberation in many of the samples tested or to loss of tryptophane through 
the method of hydrolysis. 


SUMMARY 


Liberation of tryptophane from proteins and foodstuffs has been effected 
by shaking the samples for 24 hours in a mixture of pancreatin and hog 


mucosa. 
The tryptophane content of several proteins and foodstuffs was measured 


by Lactobacillus arabinosus after liberation by this method. 
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A SYNTHESIS OF 1(+)-GLUTAMINE* 


By JOSEPH 8. FRUTON 
(From the Department of Physiological Chemistry, Yale University, New Haven) 


(Received for publication, June 24, 1946) 


The importance of glutamine in the nitrogen metabolism of plants has 
been appreciated since the classical studies of Schulze in the last century. 
The recognition, in recent years, of the réle of glutamine in the metabolism 
of animals has conferred upon this substance increased biochemical sig- 
nificance. An excellent survey of the current knowledge concerning the 
chemical properties and physiological function of glutamine has been 
provided by Archibald (1). 

In the present communication, a method is described for the synthesis 
of 1(+)-glutamine. This method is intended to supplement two excellent 
procedures currently available for the preparation of this substance. The 
first of these, the isolation of glutamine from plant materials, has been 
described by Vickery, Pucher, and Clark (2) and is a modification of the 
method originally used by Schulze and Bosshard (3). The second proced- 
ure is the synthesis described by Bergmann, Zervas, and Salzmann (4) in 
which carbobenzoxy-l-glutamic acid anhydride is allowed to react with 
benzyl alcohol to give the a-benzyl ester. Conversion of the y-carboxyl 
to the acid chloride, followed by treatment with ammonia, yields N-carbo- 
benzoxy-l-glutamine benzyl ester which, on catalytic hydrogenation, yields 
pure glutamine. Nienburg (5) has described an additional synthesis in 
which glutamic acid y-ethyl ester hydrochloride (6) is carbobenzoxylated 
and, from the resulting product, carbobenzoxyglutamine is obtained by 
treatment with liquid ammonia; hydrogenation yields glutamine. 

The synthesis of glutamine described below takes advantage of the fact 
that the specificity of papain is adapted to the hydrolysis of amide linkages 
involving the a-carboxyl of N-acylated l-glutamic acid (7), while the 
y-amide linkages remain unaffected. Consequently, when carbobenzoxy-l- 
glutamic acid diamide (I) is subjected to the action of cysteine-activated 
papain, the enzymatic cleavage which ensues is confined to the a-amide 
group. From the enzymatic digest, carbobenzoxy-l-glutamine (II) may 
be isolated. After careful purification of this substance by recrystalliza- 
tion, removal of the carbobenzoxy residue by catalytic hydrogenation 
yields 1(+-)-glutamine (III) of high purity. The over-all yield, based on 

*These experiments were conducted with the aid of grants from the Rockefeller 
Foundation and from the Fluid Research Fund of Yale University School of Medicine. 
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the amount of /-glutamic acid used to prepare the diamide, is about 20 per 
cent of the theory. 


CO—NH, CO—NH, 
| | 

CH; CH, 

| 

CH; CH, 


C.H,:CH,-O-CO-NH-CH-CO—NH, (©,H;-CH,-O0-CO—NH-CH-COOH 
(D (II) 
CO—NH;, 


| 


CH; 
| 
CH; 


| 
NH;- CH: COOH 
(111) 


The purity of the material thus obtained is indicated by a satisfactory 
elementary analysis and by the fact that, on addition of Nessler’s reagent, 
no immediate color is noted. On standing, however, color is developed 
because of the cleavage of glutamine in the strongly alkaline solution. 
This test, suggested by Archibald (1), provides a rapid and sensitive means 
of demonstrating the absence or presence of ammonium pyrrolidone car- 
boxylate in preparations of glutamine. 

Since the operations in this synthesis do not involve the danger of 
racemization, optical purity of the glutamine may be expected if the 
l-glutamic acid originally employed is optically pure. The glutamine ob- 
tained by the method described in this paper gave [a]?? = +6.0° (3.6 per 
cent in water), while the optical activity of the product obtained by Berg- 
mann et al. (4) by the synthesis described above was reported to be [a]}? = 
+8.0°. For this reason, an examination was made of the optical rotation 
of several glutamine preparations of assured purity. 

It should be mentioned that Schulze and Trier (8), in a careful study of 
a variety of glutamine preparations from plant material, found values for 
the rotation of this substance which varied between +5.2° and +9.5. 
After critical evaluation of their data, these authors concluded that the 
specific rotation of /-glutamine at 18-20° lay between +6.0° and +7.0°. 
They also called attention to the fact that the rotation of solutions of 
glutamine could be raised appreciably by the presence, as an impurity, 
of small amounts (5 per cent) of /-glutamic acid. 

Through the kindness of Dr. H. B. Vickery, it was possible to examine 
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the optical activity of two preparations of pure glutamine isolated from 
natural sources. The first of these was obtained from beets by the method 
described earlier (2), and had a nitrogen content of 19.0 per cent. The 
second preparation, isolated from a rye grass exudate, had been recrystal- 
lized from water and had a nitrogen content of 19.16 per cent. It was 
found that the material from beets gave [a]** = +6.0°, while the material 
from the grass exudate gave [a]? = +6.1°. Furthermore, a preparation of 
L-glutamine synthesized according to the method of Bergmann et al., and 
which had a nitrogen content of 19.20 per cent, gave [a]? = +6.1°. The 
available evidence points, therefore, to the value of +6.0° to +6.1° as being 
the most probable specific rotation of /(+)-glutamine at the temperature 
and concentration employed in these measurements. 

It may be added that the method for the synthesis of glutamine described 
in this paper may be used also for the synthesis of peptides in which 
glutamine bears the terminal a-carboxyl group (e.g., /-phenylalanyl-l- 
glutamine). This supplements the application of the carbobenzoxy method 
to the synthesis of glutamine peptides by Melville (9) and Harington and 
Mead (10). 


EXPERIMENTAL 


Carbobenzoxry-l-glutamic Acid Diamide—44 gm. (0.3 mole) of /-glutamic 
acid ({a}* = +31.0° in N HCl) were esterified with 250 ml. of absolute 
methanol and dry hydrogen chloride gas. The solution was evaporated 
under reduced pressure to a syrup which was dissolved in 200 ml. of abso- 
lute methanol. The treatment with dry hydrogen chloride was then 
repeated. Removal of the methanol by evaporation under reduced pressure 
gave a syrup. This was dissolved in 200 ml. of water and 300 ml. of 
chloroform were added. The mixture was chilled and 5 gm. of magnesium 
oxide and 18 gm. of carbobenzoxy chloride were added with cooling and 
shaking. Three further additions of the same amounts of the two reagents 
were made at 10 minute intervals. 15 minutes after the last addition, 
the excess of carbobenzoxy chloride was decomposed with 10 ml. of pyridine 
and the reaction mixture was acidified with 5 N hydrochloric acid. The 
chloroform layer was washed twice with water, then successively with 
bicarbonate, with dilute hydrochloric acid, and finally again with water. 
After being dried with sodium sulfate, the solution was concentrated under 
reduced pressure at 35-40°, yielding a syrup which consisted of carbo- 
benzoxy-l-glutamic acid dimethyl ester. 

To the syrupy ester there were added 500 ml. of absolute methanol which 
had been saturated previously with ammonia gas at 0°. The mixture was 
allowed to stand at room temperature for 3 days, during which time the 
diamide crystallized, and was then chilled overnight in the cold room. 
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The crystals were filtered, washed with 200 ml. of cold methanol, and 
recrystallized from absolute alcohol; m.p., 194-196°. The yield was 55 
gm. or 65 per cent of theory. 


CisHi7O.N3. Calculated. C 55.9, H 6.1, N 15.05 
279.3 Found. "aa 6a * Bs 


Carbobenzory-l-glutamine—14 gm. of the diamide were suspended jp 
150 ml. of m/15 citrate buffer (pH 5.0) and to this mixture there were 
added 100 ml. of a solution of activated papain containing 1 gm. of papain 
(prepared according to Grassmann (11)) and 250 mg. of cysteine hydro- 
chloride. The solution was diluted to make the total volume 500 ml., and 
kept for 4 days at 40°. During this period, the diamide went into solution. 
A small amount of amorphous material then was filtered off, and the filtrate 
was concentrated under reduced pressure to a volume of 50 ml. Dilute 
hydrochloric acid was added to Congo red, whereupon an oily precipitate 
appeared which crystallized readily. Two recrystallizations from 
methanol-water were required to obtain completely pure material; mp. 
136-137°. Yield, 6.6 gm. or 47 per cent of the theory. 


CysHyO;N2. Calculated. Cc 55.7, H 5.8, N 10.0 
280.3 Found. a Oo.” sae 


Bergmann and Zervas (12) have reported a melting point of 137° for this 
compound, which they prepared by treatment of natural /-glutamine with 
carbobenzoxy chloride in the presence of bicarbonate. 

l-Glutamine—4.5 gm. of the carbobenzoxy compound were dissolved in 
25 ml. of methanol and 0.2 ml. of glacial acetic acid, and hydrogenated at 
atmospheric pressure with palladium black (13) as the catalyst. After 3 
hours, the hydrogenation was complete and water was added to dissolve the 
glutamine which had crystallized out. The catalyst was filtered off, and 
the filtrate was evaporated to dryness under reduced pressure at a bath 
temperature of 35-40°. The product was recrystallized from water-ethanol 
(1:3); m.p. 185-186°. Yield, 1.9 gm. or 82 per cent of the theory. 

CsHieO:N:. Calculated. C 41.1, H 6.9, N 19.2 


146.1 Found. 41.0, “ 6.9, “ 19.2 
lalp = +6.0° (3.6% in water) 


The optical rotation was determined with a Schmidt and Haenseh 
polarimeter equipped with a General Electric sodium lamp as the light 
source. 


The author is indebted to Dr. H. B. Vickery for valuable criticism con- 
cerning this manuscript and for the gift of samples of natural glutamine. 








J. S. FRUTON 337 


and SUMMARY 


3 55 A method for the synthesis of /(+)-glutamine is described, in which 
carbobenzoxy-l-glutamic acid diamide is treated with papain to yield 
carbobenzoxy-l-glutamine. Catalytic hydrogenation of this product 
yields glutamine of high purity. 
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THE METABOLISM OF SULFUR 
XXXII. ISOCYSTEINE 


By WILLIAM J. WINGO* ann HOWARD B. LEWIS 


(From the Department of Biological Chemistry, Medical School, University of 
Michigan, Ann Arbor) 


(Received for publication, June 27, 1946) 


Isocysteine and isocystine were first prepared early in the present century 
by Gabriel (1) as part of a project whose objective was the determination 
of the structure of cystine, which had only recently been discovered as a 
component of the protein molecule. Since the structure of cystine was 
established by Friedmann (2) shortly thereafter, Gabriel did not report his 
synthesis till 1905 and 2 years later announced a second method of syn- 
thesis of isocysteine (3). There was little further work on isocysteine 
until 1939, when Schéber] and Braun (4), in an investigation of the lability 
of the sulfur of cystine and related compounds, made available a new and 
more convenient method of synthesis of isocysteine by which better yields 
were obtainable. Chemical studies are limited mainly to investigations 
of lability of the sulfur of isocystine (4). The compound does not react 
in the highly specific naphthoquinone sulfonic acid test of Sullivan (5) 
for cysteine but reacts positively, as does cysteine, in the Fleming reaction.’ 

So far as is known to us, no studies of the biochemical behavior of iso- 
cysteine have been reported. This compound is of interest not only 
because of the comparison with the isomeric sulfur-containing compound 
cysteine, but also because of its 6-amino group. The group of 8-amino 
acids is represented in nature chiefly by 8-alanine, a constituent of carnosine 
and pantothenic acid. The present study is concerned with the metabolic 
behavior of isocysteine in the organism of the rabbit and rat. Observations 
on the reaction of nitrous acid with isocysteine were also made, since it is 
known that the sulfur of cystine, the disulfide of the isomeric a-amino 
acid, cysteine, is readily oxidized to sulfate with this reagent, which is used 
in the Van Slyke method for amino nitrogen (7). 


EXPERIMENTAL 


After preliminary trials, the method of Schéberl and Braun (4) was 
adopted for the synthesis of isocysteine as preferable in ease of manipulation 
and yield. The isocysteine hydrochloride obtained was not of satisfactory 


*Present address, Department of Biological Chemistry, School of Medicine, 


University of Texas, Galveston. 
‘Unpublished observations of Sullivan cited by Vassel (6). 
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purity, as evidenced by a low sulfur content (18 percent). In purification, 


best results were obtained when small amounts (usually 2 gm.) of the im. 


pure isocysteine hydrochloride were used. The isocysteine was dissolved 
in about 5 ml. of water and this solution was added drop by drop with 
continuous stirring to 100 ml. of a saturated aqueous solution of mercuric 
chloride. After standing 8 to 12 hours in a refrigerator, the precipitated 
mercury mercaptide was filtered off, washed, and dissolved in lukewarm 
10 per cent hydrochloric acid. After filtration, the solution was treated 
with hydrogen sulfide and mercuric sulfide was removed by filtration, 
The filtrate was then distilled at a pressure of a 2 to 3 mm. of mercury until 
a thick syrup was obtained. The syrup slowly crystallized on standing in 
a vacuum desiccator. The crystals were filtered off and washed with 
acetone and ether. The first lot (15 gm., a pooled sample from a number 
of runs) was of satisfactory purity when first prepared but, after standing 
for 6 months in a vacuum desiccator, some decomposition had occurred, 
as evidenced by slightly low total and sulfhydryl sulfur contents. A 
second lot (8 gm.) was prepared, purified, and used within a few weeks after 
preparation in most of the experiments reported. Analysis showed a con- 
tent of total sulfur of 20.36 per cent (theoretical, 20.34 per cent) by the 
Carius method, 20.56 per cent of sulfhydryl sulfur as determined by the 
method of Lavine (8), and 22.90 per cent of chlorine (theoretical, 22.56 
per cent). 

In attempts to convert isocysteine to isocystine, the yields, as reported 
by others (4), were poor, so that a small amount only of isocystine was pre- 
pared (26.68 per cent of sulfur; theoretical, 26.66 per cent) for use in the e:- 
tablishment of standard curves in the colorimetric determination of disul- 
fides in the urine by a modified procedure of Kassell and Brand (9). 

Reaction of Nitrous Acid with Isocysteine—The experimental procedure 
was the same as that previously described in the study of the reaction of 
nitrous acid with cystine (7). Control experiments in which the oxidation 
of cystine was determined were carried out in order to make possible the 
direct comparison of cystine and isocysteine. The rate and extent of the 
oxidation of cystine to sulfuric acid agree well with those of previous ex- 
periments in this laboratory in which the temperature was slightly lower 
(25°). The results of two series, presented in Table I, show that the sulfur 
of isocysteine is oxidized to sulfate by nitrous acid at approximately the 
same rate and to the same extent as is that of cystine. It was not possible 
to determine whether the nitrogen liberated in the reaction was in excess 
of the theoretical for 8-amino nitrogen as with cystine, but, in view of our 
previous observations (7), this would appear probable. 

Oxidation of Sulfur of Isocysteine by Rabbit—The general procedures of 
the metabolic experiments with male rabbits of 2 to 3 kilos of body weight 
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were essentially those customarily used in similar studies in this laboratory 
(10). In addition to the determination of the partition of urinary sulfur, 
urinary nitrogen and creatinine, urinary disulfides were also determined 
by slight modification of the Kassell-Brand phosphotungstic acid procedure 
(9) and keto acids by Shacter’s unpublished modification of the method of 
Case (11). Phenylpyruvic acid was used as a standard in the determina- 
tion of the K values in the Evelyn photoelectric colorimeter (12) and the 
extra sulfur as a-keto acid was calculated on the assumption that any 
increased elimination of keto acids on the experimental days was occasioned 
by the deamination of the amino acid fed and that each molecule of keto 
acid corresponded to 1 atom of sulfur. As a matter of fact, no significant 


Tasie I 
Oxidation of Sulfur of Cystine and Isocysteine to Sulfate Sulfur by Nitrous Acid at 28° 
The amount of the sulfur-containing amino acids used in each experiment was 
equivalent to 50 mg. of sulfur. 











Cystine Isocysteine 
Series Time ys _ 
BaSO, er —ae BaSO. eer | — 
hrs. mg. meg. per cent mg. mg. per cent 
A 3 154.5 21.3 42.6 161.5 22.2 44.4 
156.6 21.6 43.2 155.2 21.3 42.6 
6 163.1 22.4 + 44.8 164.8 22.6 45.2 
162.1 22.2 44.4 167.8 23.0 46.0 
B 1.5 143.1 19.7 39.4 126.7 17.4 34.8 
142.6 19.6 39.2 125.7 17.3 34.6 
3 151.2 20.8 41.6 147.1 20.2 40.4 
152.3 20.9 41.8 150.5 20.7 41.4 
6 162.7 22.4 44.8 165.8 22.3 44.6 
163.5 22.5 45.0 169.9 23.4 46.8 


























changes in the excretion of keto acids following the administration of either 
cystine, cysteine, or isocysteine were observed. 

Schéberl and coworkers (4, 13) have determined isocysteine and iso- 
cystine in pure solution by a method which made use of the reduction of 
phosphotungstic acid by the sulfhydryl group. Since it was desired to de- 
termine total sulfhydryl and disulfide sulfur in urine, the procedure of 
Kassell and Brand (9), in which reduction of phosphotungstic acid is also 
concerned, seemed most promising, inasmuch as it is possible to correct 
for the non-sulfur reducing substances which are normally present in urine. 
The conditions recommended by Kassell and Brand were followed with 
three exceptions. The determinations of optical density were made with 
an Evelyn photoelectric colorimeter (filter No. 690), the method being 
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standardized and calibration curves prepared by the use of solutions of 
pure cystine and isocystine. The sulfite was added prior to the phospho. 
tungstate reagent, since it was found that this resulted in better duplicate 


determinations. 15 minutes were allowed for color development rather | 


than the 8 minute period recommended by Kassell and Brand. This wag 
necessary because, under the conditions used, the reaction of isocystine 
was found to be less rapid than that of cystine. When cystine and igo. 
cystine were added to rabbit urine, recoveries of 95 + 2 per cent could be 
obtained. Since the amounts of isocystine excreted after the administra- 
tion of isocysteine were so large, the accuracy of the method was considered 
satisfactory. 

The urines of the experimental periods were also tested qualitatively by 
various reactions which indicate thiol and disulfide derivatives. Positive 
ammonia-nitroprusside and cyanide-nitroprusside tests indicate the pres- 
ence of thiol and disulfide groups respectively, but the tests are not specific 
beyond this. A positive Sullivan naphthoquinone sulfonic acid test shows 
the presence of cysteine or cystine, according to the conditions used. The 
Fleming test, as modified by Vassel (6), is believed to be specific for a thiol 
and a primary amine group separated from each other by two —CH,— 
(methylene) groups as in cysteine or isocysteine. We have confirmed the 
observation of Sullivan (6) that isocysteine (and isocystine after reduction) 
gives a positive Fleming-Vassel test. 

The experimental data are prestnted in Table II, in which the distribu- 
tion of extra urinary sulfur following the oral and subcutaneous adminis- 
tration of isocysteine (as the hydrochloride) and of cystine and cysteine is 
given. When cysteine or cystine was administered, the greater part of 
the sulfur of the amino acid was recovered in the urine in oxidized form 
(sulfate sulfur), indicating that the organism of the rabbit can effectively 
metabolize the sulfur of these compounds when ingested in moderate 
amounts, as shown by previous experiments in our own and other labora- 
tories. The urines of the experimental days gave weakly positive cyanide- 
nitroprusside, Fleming-Vassel, and Sullivan tests, evidence that the extra 
disulfide sulfur was due to the excretion of small amounts of cystine. 

In contrast to these findings, the experiments in which isocysteine was 
fed failed to show significant oxidation of the sulfur. Less of the total 
sulfur fed was recovered as urinary sulfur (29 to 37 per cent as contrasted 
with 53 to 92 per cent in the cysteine experiments) and the extra organic 
sulfur fraction of the urine was greatly increased. In two of the experi- 
ments in which isocysteine was fed, no increase in the oxidized sulfur 
resulted and 96 to 108 per cent of the extra sulfur was excreted as organic 
sulfur. When isocysteine was injected subcutaneously, although the 
recovery of total sulfur was much greater (75 to 98 per cent), from 84 to 
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97 per cent of this sulfur was present in the urine as organic sulfur. The 
failure of oxidation of the sulfur of isocysteine, in sharp contrast to the 
ease of oxidation of cystine sulfur, was unexpected, since earlier work with 


TaBLe II 

Excretion of Extra Urinary Sulfur after Administration of Cysteine and Isocysteine 

The compounds were administered as the hydrochlorides. The second horizon- 
tal line of each experiment represents the sulfur excretions in percentages as follows: 
The values in parentheses under the heading ‘‘Total’’ represent the percentage of 
sulfur administered excreted as extra total sulfur; those under the headings ‘‘Sul- 
fate’ and ‘‘Organic,’’ the percentages of the total extra sulfur excreted as oxidized 
(sulfate) and organic sulfur respectively; and those under the headings ‘‘Disulfide’’ 
and “Keto acid,’’ the percentages of the extra organic sulfur present as disulfide and 
keto acid respectively. 





























na Extra sulfur of urine 
experi- Substance administered Sulfur 
oa Total | Sulfate | Organic [Disulfide | *¢t? 
mg. mg. me. mg. mg. mg. 
1-1 | Cysteine, oral 333 231 195 36 
(69) (85) (15) 
1-2 | Isocysteine, oral 333 97 —8 105 
(29) (—8) | (108) 
1-3 - subcutaneous}; 150 147 23 124 100 3 
(98) (16) (84) (80) (2) 
3-1 | Cysteine, oral 333 264 210 54 3 2 
(79) (80) (20) (6) | (<1) 
3-2 | Isocysteine, oral 300 112 38 74 56 3 
(37) (34) (66) (75) (1) 
3-3 " subcutaneous} 150 114 7 8 106 86 3 
(76) (7) (93) (81) (2) 
4-1 | Cysteine, oral 333 176 147 29 10 1 
(53) (84) (16) (35) | (<1) 
4-2 | Cystine “ 333 250 210 40 3 1 
(75) (84) | (16) (7) | (<1) 
4-3 | Isocysteine, oral 300 101 4 97 77 2 
(34) (4) (96) (79) | (<1) 
44 " subcutaneous| 150 117 4 113 88 5 
(78) (3) (97) 78) (3) 











thiolactic and thioglycolic acid had shown considerable oxidation of the 
sulfur of thiol groups substituted on aliphatic fatty acid chains (14). 
Determination of the disulfide groups of the urine showed that from 75 
to 81 per cent of the extra sulfur of the urine after isocysteine administration 
was excreted in this form. This was further checked by qualitative tests 
of the urine. The ammonia-nitroprusside test was negative, demonstrating 
the absence of cysteine or isocysteine. The Sullivan test was completely 








344 ISOCYSTEINE 


negative and the cyanide-nitroprusside and Fleming-Vassel tests were 
strongly positive. This indicated the absence of cystine and the presence 
of a disulfide, presumably isocystine, since the presence of cystine was ruled 
out by the negative Sullivan test. That significant deamination of the 
isocysteine had not occurred is shown by the determinations of the keto 
acids. The changes in the keto acid values after isocysteine were so slight 
as to be almost within the error of the determination. The marked ip. 
crease in disulfide sulfur, presumably isocystine sulfur, and the absence of 
any notable increase in keto acid excretion suggest strongly that isocysteine 
is not catabolized readily either by oxidative deamination or by oxidation 
of the sulfur of the molecule. 

The relation between the amino and thiol groups of cysteine and iso- 
cysteine is the same; t.e., in both these compounds the amino and thiol 
groups are attached to adjacent carbon atoms. In cysteine, the amino 
group is @ to the carboxyl group, while in isocysteine the amino group is in 
the 8 position. It is possible that in isocysteine as well as in cysteine (15) 
the oxidation of the sulfur to sulfate must be accompanied or preceded by 
oxidative deamination. If the resistance of 8-alanine and isoserine to 
deamination in tissue slice experiments (16) is a characteristic of the entire 
group of 8-amino acids, the deamination of isocysteine might be difficult 
and this failure of deamination might be associated with the failure of 
oxidation of the sulfur in the animal body. As further indirect evidence 
of the metabolism of 8-amino acids, Schofield, in unpublished results from 
this laboratory, has shown that, while a-alanine is a readily available 
source of glycogen in the fasted young white rat, no glycogen is formed 
under the same conditions when §-alanine is fed. Similarly, in contrast 
to seriae, isoserine is a poor source of glycogen. 8-Alanine does not give 
rise to urinary glucose in the phlorhizinized dog (17), although isoserine 
is stated to be gluconeogenetic under the same conditions (18). 

The fate of that fraction of the sulfur administered orally as isocysteine, 
which failed to be excreted as extra sulfur in the urine, is not indicated by 
these experiments. The bacterial flora may play a réle in the destruction 
of sulfur-containing compounds in the intestinal tract (19), but it seems 
improbable that if this were the chief factor so consistent and so marked 
a difference between cysteine and isocysteine would have been observed. 
Delayed absorption of isocysteine might afford more opportunity for the 
activity of microorganisms. It may be noted that Schofield in further 
unpublished experiments has noted a definitely lower rate of absorption 
of 8-alanine and isoserine from the intestine in comparison with the isomeric 
a-amino compounds, alanine and serine. 

Since isocysteine was shown to be physiologically inert and to be excreted 
in large part unchanged in the urine of rabbits to which it was administered, 
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it was considered improbable that it would favorably influence the growth 
of young white rats fed a cystine-deficient diet. A short series of experi- 
ments, limited by the supply of isocysteine available, was undertaken. 
The basal cystine-deficient diet was of the usual type, in which the protein 
was furnished by casein at a 5 per cent level. Cystine and isocysteine 
were added as supplements at a level of 0.5 per cent. The paired feeding 
method was employed, the food intake being determined in each group 
by the amount of food consumed by the animal receiving isocysteine. The 
rats ate the isocysteine diets poorly. This may have been due to the char- 
acteristic and (to the authors) unpleasant taste of the compound. In the 
paired feeding period, two rats receiving cystine gained 2.8 and 2.6 gm. 
respectively in 22 days, while their paired control mates receiving iso- 
cysteine lost 11.5 and 2.0 gm. In a subsequent 19 day period of unre- 
stricted feeding, the same cystine-fed rats gained 20.3 and 15.1 gm., while 
the two receiving isocysteine lost 3.1 gm. and gained 0.1 gm. respectively. 
Although the food intakes were admittedly unsatisfactory, the results 
offered no evidence of the utilization of isocysteine for growth. 


SUMMARY 


1. The sulfur of isocysteine was oxidized to sulfate by nitrous acid at 
approximately the same rate and to the same extent as was the sulfur of 
cystine. 

2. When isocysteine was administered orally or subcutaneously to 
rabbits, there was no significant increase in the oxidized sulfur of the urine. 
All of the extra urinary sulfur appeared in the organic sulfur fraction. 
This extra organic sulfur was mainly disulfide sulfur. The increased 
excretion of disulfide sulfur was not due to the presence of cystine (negative 
Sullivan reaction). This negative evidence together with a positive 
Fleming-Vassel test (after reduction) suggests that isocysteine is excreted 
as isocystine and that extensive oxidation of the sulfur has not occurred. 

3. The relation of these observations to the problem of the metabolism 
of 8-amino acids is discussed. 
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Studies on the metabolism of methionine in the animal body necessitate 
the use of a reliable method for the determination of methionine in a variety 
of materials such as proteins, blood, and urine. The usual methods for the 
estimation of methionine have been chemical in nature and are often in- 
sensitive and are in some cases not entirely specific (1-7). Since micro- 
biological methods have been successfully applied to the determination of 
a number of amino acids in this and other laboratories, such methods 
seemed to offer the best approach for the analysis of methionine in crude 
materials. 

The requirement of methionine for the growth of certain lactic acid- 
producing bacteria has been shown independently by several investigators. 
Shankman et al. (8, 9) and Hegsted (10) reported that methionine is essen- 
tial for the growth of Lactobacillus arabinosus 17-5. Kuiken et al. (11, 12) 
and McMahan and Snell (13) also showed that methionine was necessary 
for maximum growth, although it was not classified as an “‘essential’’ amino 
acid for this organism. 

Snell and Guirard (14) studied the qualitative requirements of Strepto- 
coccus faecalis R and reported that methionine was not essential for this 
organism. However, Greenhut et al. (15) noted that very little growth 
occurred with this organism when methionine was omitted from the medium 
and suggested that it could be used for the assay of methionine. Stokes 
et al. (16) have used Streptococcus faecalis for the assay of nine essential 
amino acids, including methionine. 

Dunn et al. (17, 18) concluded that Leuconostoc mesenteroides PD-60 and 
Lactobacillus fermenti 36 could be used to determine methionine in protein 
hydrolysates. Methionine has also been reported to be essential for Strep- 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
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search Foundation and the National Live Stock and Meat Board, Chicago, Illinois. 
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Snell for pyridoxamine dihydrochloride; and to the Lederle Laboratories, Inc., 
Pear] River, New York, for crystalline folic acid. 
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tococcus lactis L-103 (19) and stimulatory to the growth of L. casei BC.| 
(20) and L. delbriickii LD-5 (21). 

It can be seen that there is no complete agreement on the essential nature 
of methionine in the media of Lactobacillus arabinosus and Streptococcus 
faecalis. Several reasons for this disagreement have become evident and 
are discussed in the present report. 


EXPERIMENTAL 


Stock cultures of Lactobacillus arabinosus 17-5, Streptococcus faecalis R, 
and Leuconostoc mesenteroides PD-60' were maintained and the inocula 
were prepared as described by Schweigert et al. (22), Teply and Elvehjem 
(23), and Dunn et al. (17), respectively. 

The compositions of the basal media and the method of preparation of 
the stock solutions are presented in Table I. The levels of the constituents 
were revised slightly to produce more reliable methionine standard curves 
and to permit the use of similar media for all three microorganisms, 
The essential differences in the amino acid composition relate to the use of 
leucine free from methionine (usually di-leucine) in the media of all three 
organisms and the reduction of the level of alanine for Leuconostoc mesen- 
teroides used by Dunn et al. (17) more nearly to that used by Hac et al. (24), 
Since pyridoxamine is preferred for Streptococcus faecalis (25) and a rather 
high level of pyridoxine has been used by Dunn et al. (17) for Leuconostoc 
mesenteroides, both were used in the stock vitamin solution. However, 
pyridoxine could probably be eliminated from the media when pyridox- 
amine is used, since the latter is more active for these organisms. Typical 
standard curves for l-methionine obtained with Lactobacillus arabinosus, 
Streptococcus faecalis, and Leuconostoc mesenteroides are shown in Fig. 1. 

Toennies (26) reported that the methionine and tryptophane in casein 
could be destroyed by oxidative treatment with hydrogen peroxide. As- 
says of such a preparation of casein with rats by Bennett and Toennies (27) 
and microbiological assays in this laboratory indicate that the casein prepa- 
ration is very low in methionine and tryptophane. The authors have used 
an acid hydrolysate of casein treated in a similar manner for some of the 
methionine assays reported here. 

Synthetic dl-methionine was used for the standard curves in this study. 
The activity of the two optical isomers was checked with Lactobacillus 
arabinosus as the test organism. Since d(+)-methionine was inactive and 
dl-methionine had half the activity of 1(—)-methionine, the use of dl-me- 

1 These organisms are obtainable from the American Type Culture Collection, 


Georgetown University School of Medicine, Washington, D. C. Streptococcus 
faecalis R is also known as Streptococcus lactis R. 
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a 


Constituents 


Amino acidst 
Oxidized casein hydrolysate} 
l(+)-Glutamic acid 
|-Asparagine 
l(+)-Lysine monohydrochloride 
+ H,O 
dl-Threonine 
dl-Valine 
dl-Isoleucine 
dl-Alanine 
l(—)-Cystine 
dl-Leucine§ 
dl-Phenylalanine 
1(+)-Arginine hydrochloride 
l(+)-Histidine hydrochloride + 
H,0 
l(—)-Tyrosine 
dl-Tryptophane 
Glycine 
dl-Serine 
l(—)-Proline 
dl-Methionine* 
Glucose 
Sodium acetate 
“citrate + H,O 
Purines and pyrimidines 


Adenine sulfate + 2H:O 
Guanine hydrochloride + 2H,O 
Uracil 

Xanthine 

Salts A 


KH,PO, 
K;HPO, 
Salts B 


MgSO,-7H.O 
NaCl 
FeSO,-7H,O 
MnSO,-4H,O 


| 
} 


Lactobacillus 
arabincsus 


| (Schweigert e¢ al. 
| (22)) 








me. per tube 


20 (0.2 ml.) 
4 


—_ 


to 


o 


CSCOorN KF WNW 


on 


— i) 
co 


S83. 


(0.1 ml.) 


ooo 
— ht ee 


(0.05 ml.) 


5 
5 
(0.05 ml.) 


oo c te 
: 








Streptococcus Leuconostoc 
‘aecalis mesenteroides 
(Greenhut e# al, (Dunn ef al. 
(15)) (17)) 
mg. per iube mg. per tube 
50 (0.5 ml.) 50 (0.5 ml.) 
4 4 
4 4 
2 2 
2 2 
2 2 
2 2 
l 2 
2 2 
2 2 
1 1 
0.5 1 
0.5 1 
1 1 
1 1 
0.2 1 
0.5 2 
0.5 
] 2 
200 200 
200 
250 
Same as L.| Same as L. 
arabinosus arabinosus 
0.1 (0.1 ml.) | 0.1 (@.1 ml.) 
Same as L. 
arabinosus 
“ce “ce 
50 (0.1 ml.) - - 
Same as L. - = 
arabinosus 
““ ce iii “ce 
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TABLE I—Concluded 














Lactobacillus Streptococcus | Leuconostoc 
Constituents | Pe ny al. ( oneness al. | @anad 
(22)) | (15)) (17)) 
y per tube me. per tube =. phi 
B-vitamins (0.1 ml.) | Same as L.| Same as L,. 
| arabinosus arabinosus 
Thiamine hydrochloride 5 1 ae ae 
Riboflavin 5 | . ws “ 
Niacin 10 ; ' . “ 
dl-Calcium pantothenate 5 ne ri | vs ” 
Pyridoxamine dihydrochloride 12 - _ + 
Pyridoxine hydrochloride 50 “ 2 3 
p-Aminobenzoiec acid 5 “ . | 
Biotin 0.01 Dg am we - 
Folic acid | 0.1 ” “ | ie se 
Choline chloride|| | 25 sas - Hs ” 
i-Inositol|| 25 * ao | = % 


| 





Stock solutions were prepared in the concentrations indicated above. Several 
ml. of HCl and H,SO, were added to Salts B to prevent precipitation. The purines 
and pyrimidines were dissolved in hot HCl. Xanthine was dissolved in NH,OH. 
The B vitamins were dissolved by heating in water. New vitamin solutions were 
prepared every month. Convenient volumes for all solutions were 500ml. They 
were stored under toluene in a refrigerator. The amino acids were ground witha 
mortar and pestle and dissolved in a few ml. of dilute HCI prior to each assay. 

* Methionine is omitted. The numbers in parentheses refer to the volumes of 
stock solution used 

¢t Based upon inactivity of the unnatural d isomers. 

t Prepared as described in text; used in place of synthetic amino acids when cys- 
tine and tryptophane are added. Proline should also be used for Leuconostoc mesen- 


teroides. 
§ Preferable to [(+)-leucine. Must be free of methionine as is indicated in the 


text. 
|| Not absolutely essential in the medium. 


thionine as a standard was justified. The /-methionine activity of several 
related compounds is shown in Table IT. 

All samples used in this study were ground and thoroughly mixed to 
assure homogeneity prior to analysis for nitrogen and methionine. The 
meat samples were stored in a refrigerator at —4°. 

The protein samples were hydrolyzed in the autoclave with 2 Nn HCl at 
15 pounds pressure for 5 to 10 hours. The assay values did not increase 
when the strength of the acid was increased. The rate of liberation of 
methionine is compared with the a-amino nitrogen liberation (micro 
nitrous acid method of Van Slyke) in Figs. 2, 3, and 4. 

The assay procedure is similar to that reported by Schweigert et al. (22). 
Typical results obtained with different assay levels and with the three 
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Fic. 1. Typical methionine standard curves obtained with Lactobacillus arabino- 
sus 17-5, Streptococcus faecalis R, and Leuconostoc mesenteroides PD-60. 


TABLE II 


\(—)-Methionine Activity of Various Compounds and Leucine Contamination Tested 


with Lactobacillus arabinosus 








Compound* Per centt activity 
dl-Methionine......... satiate casi 49.5 
EL cc naverancdiebcn sixkbad chk tenpes Rake’ 0.1 
dl-Homocystine......... er pe Pree e 0.05 
- i> SS GIs oi cc esccic csetenconeas 0.03 
Ns tte Sia oikw ee babe niwen kn csecees eke Ree 0.0 
ss cnneb a dike kmaereaneeesin aeeaeeeeee kee 0.0 
Glutathione........ eure 0.0 
l(+)-Leucine (different sources) 
Sample 1..... 2.1 
Pe Ee a Bais ae aa ed wali an ee etaelone he aac aaeted 2.0 
i. See 0.2 
See Ae ee ore 0.2 
dl-Leucine (different sources) 
Sample 1.... 0.2 
BW Peas aac cake eee PRC OO en eb Aa bind alee 0.03 
i = sil ancl i Sa a 0.05 
RE SSR Pe ree tere aera: 0.0t 








* Assayed at levels of 0.5 to 5 mg. per tube. 

t Average of two assays. 

t All values are based upon this sample of dl-leucine, which was used in the basal 
medium. 
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Fig. 2. Effect of time of hydrolysis on the rate of methionine, and a-amino nitro- 
0.3 gm. samples were autoclaved with 2 n HCl. 


gen liberation in casein. 
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Fic. 3. Effect of time of hydrolysis on the rate of methionine, and a-amino nitro- 
gen liberation in pork muscle. 1 gm. samples were autoclaved with 2 n HCl. 


TIME OF HYDROLYSIS CHOURS) 


‘ 








t 


itro- 








RIESEN, SCHWEIGERT, AND ELVENJEM 











100} Pee et A “-=9 
° 

4 js 

80r 4 
2 
° 
- Fr 9 
< 
< 
Ww 
a 
- bh 
be ° 
5 
vu 40 
« 
- F 

20F 

d ® -METHIONINE 

‘ 

j v<-AMINO NITROGEN 
oO 7 .7 7 A. s. A. As A. ‘7 be oo @ aedeaunt 

© t@ “4 6 8 10 24 


TIME OF HYDROLYSIS CHOURS) 





353 


Fic. 4. Effect of time of hydrolysis on the rate of methionine and a-amino nitro 


gen liberation in raw soy bean oil meal. 


HCl. 


Tas_e III 


1 gm. samples were autoclaved with 2 nN 


|-Methionine Content of Soy Bean Oil Meal Determined at Different Assay Levels with 
Three Different Organisms 





















































Lactobacillus arabinosus Streptococcus feecalis Leuconostoc mesenteroides 
Amount 2 2 
of EE ES 
comple i-Me- , * | 0.1 I-Me- | 25 i-Me- , 
Moet | Nook |thionine|/“Methio} = & | NaOH |thionine|/ Methion} 5 | 013k |thionine|‘Methio 
tube | titration he sample ee den, cube sample | ¢-< | titration bad sample 
sf 
F B 
me. ml. | Y per cent | mg. ml. Y per ceni | mg. mi. Y per cent 
0.25; 1.82] 1.9) 0.76 | 0.5/ 4.30} 4.0/ 0.80 |0.5| 4.45] 3.9} 0.78 
0.5 4.50] 4.2) 0.84 | 1.0) 5.90} 8.2] 0.82 | 1.0} 6.25| 7.9] 0.79 
1.0 7.52 8.3 | 0.80 2.0 | 8.05 | 16.3 | 0.81 2.0 8.40 | 15.9 | 0.80 
1.5 | 10.05 | 12.2 | 0.81 | 3.0 | 9.03 | 24.6 | 0.81 | 3.0] 9.60 | 24.9 | 0.83 
2.0 11.55 | 16.3 | 0.81 4.0 | 9.50 | 32.0 | 0.80 4.0 | 10.05 | 32.6 | 0.81 
2.5 | 13.80 | 21.0 | 0.83 | 5.0 | 9.80 | 38.0 | 0.76 | 5.0 | 10.30 | 41.0 / 0.81 
Average 0.81+ 0.80+ 0.81+ 











different organisms are shown in Tables III and IV. The methionine con- 
tent of some proteins and foodstuffs is shown in Table V. 
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DISCUSSION AND RESULTS 


The standard curves obtained with Lactobacillus arabinosus, Strepio. 
coccus faecalis, and Leuconostoc mesenteroides indicate that all three or. 
ganisms can be used for the assay of methionine. The maximum growth 
obtained with Lactobacillus arabinosus is greater than that with the other 


two organisms and is similar to the growth obtained by Shankman ¢ qj | 


(9) and Schweigert et al. (22) with other amino acids. It is of interest to 


note greater growth response to smaller amounts of methionine when Lact. | 


bacillus arabinosus was used as the test organism. A suitable assay range 


TaB.e IV 
Reproducibility of |-Methionine Content Dete rmined with Different Organisms* 


| Per cent /-Methionine 

































































Lactobacillus | Streptococcus Leuconostoc 

arabinosus Saecalis mesenteroides 

esey No ara | Assay No Assay No 

—— | 7 
A | jAv | 

1 | 2 > age ‘| ae ac: 
at eae wee ee ene asnenw nese we bi 
Proteins Casein 3.20/3. 108. 15 
Egg albumin 3 20'3.00'3.1013..10/3.20/3. 153. 17/3.33/3.50/3.41 
Gelatin 1 .05]0.99)1.10/1 .05|1 .03; 1.1011 .0611 .0110.9911.0 
Pepsin 1.40)1. 32/1. 46)1 1.39)1. .55|1. 35/1. 45/1. 5211. 481.50 
Foodstuffs Pork muscle 0. en 6010. 69/0. 65:0. 640. 60/0. 620. 62/0. 72/0.67 
“liver 0.550.580. 600.580. 580. 60:0 .59/0. 61/0. 5910.60 
Soy bean oil meal 0.81/0. 80/0. 750. 790. 75,0. 800. 77/0. 750. 81/0.78 
Brewers’ yeast, dried |0. 90/0. 85,0. 88/0. 880. 800. 85,0. 82/0. 87/0. 83.0.8 








* The assays with each organism were made © on two different hydrolysates of the 
samples. Assay 1 with Lactobacillus arabinosus was made by the use of a medium 
which contained oxidized casein plus tryptophane and cystine. In all of the other 
assays synthetic amino acids were used in the medium. 


with this organism is from 0 to 20 of l-methionine per tube, as compared to 
0 to 50 y with Streptococcus faecalis and Leuconostoc mesenteroides. 

The acid production with Streptococcus faecalis was approximately twice 
that obtained by Stokes et al. (14); the higher percentage of glucose and 
the use of citrate buffer rather than acetate in the present study probably 
account for this difference. Stokes, however, indicated that additional 
glucose would not increase the acid production appreciably. Previous 
work in this laboratory by Teply and Elvehjem (23), confirmed by the 
present workers, showed that the acid production obtained with Strepto- 
coccus faecalis is greater when citrate is used as the buffer instead of acetate. 

In the early work with Streptococcus faecalis, many of the methionine 
standard curves showed irregularities in the middle portion of the curve. 
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Similar results were reported by Stokes in the development of the method 


for lysine with the same organism, although no difficulty with methionine 
| was reported. These workers indicated that increasing the levels of the 


Methionine Content of Proteins and Foodstuffs 
































| Values in literature 
Per cent : 
sirogen’| Pz cent | Fmetnio-| EUG | Biolog: | Chem 
(Kjel- ninet | Bine in | in pro. ical, Be] 
dahl) protein tein N i end 
Bolli 
cena] Gi 
Proteins Casein 14.2} 3.13 | 3.40] 1.99 | 2.6§ 3.5} 
Lactalbumin 15.3 | 2.48] 2.59] 1.52 2.8f 
Egg albumin 11.6 | 3.21 | 4.43] 2.60 | 4.1§ 5.0} 
Fibrin (beef blood) 14.4] 2.37] 2.64] 1.55 2.6% 
Gelatin 16.3 | 1.04] 1.02] 0.66 | 0.59§) 1.0t 
Keratin (beef toes) 14.7 1.08 | 1.18] 0.68 
Pepsin 15.0; 1.45}| 1.54] 0.90 1.5} 
Wheat gluten 13.2} 1.56] 1.88] 1.10 
«gliadin 13.7} 1.56]) 1.83] 1.07 1.5t 
Edestin 15.7 | 2.35} 2.40] 1.41 1.9f 
Foodstuffs | Pork muscle 2.96 | 0.56; 3.03] 1.78 3.0t 
«liver 2.45 | 0.59) 3.86] 2.26 
Beef heart 2.90} 0.56]; 3.09] 1.82 3.2t 
‘* kidney 2.32 | 0.28; 1.93] 1.13 2.8f 
“brain 1.64 | 0.26] 2.55] 1.49 3.0f 
Condensed fish 3.42] 0.38] 1.77] 1.39 
solubles 
Soy bean oil meal 7.03 | 0.78} 1.77) 1.31 | 0.842] 1.9f 
Linseed “ “ 6.10} 0.84} 2.20] 1.29] 0.81f | 3.0f 
Alfalfa 2.36 | 0.21 | 1.43} 0.84 | 0.15f 
Wheat 2.00} 0.32] 2.53] 1.48] 1.20¢] 3.0f 
Rolled oats 1.40 | 0.36] 4.12] 2.40 
Yellow corn 1.34} 0.30] 3.57] 2.09 
White ‘“ | 1.37] 0.26] 2.98] 1.75 
Brewers’ yeast, dried 9.00} 0.85 | 1.51 | 0.89 | 1.372] 1.37f 











| 





* Average of two determinations. 
t Average of three or more assays. 
t Calculated to 16 per cent N. 

§ Per cent in dried material. 


purine bases and vitamins eliminated the irregularities. The difficulties 
were eliminated in our work when the levels of some of the vitamins were 
increased and when pyridoxamine was used in the basal medium (25). 

The typical standard curve obtained with Leuconostoc mesenteroides was 
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similar to that of Streptococcus faecalis. When an acid hydrolysate of oxi. 
dized casein (26) plus added cystine and tryptophane was substituted for 
crystalline amino acids in the basal medium, the growth response was simi. 
lar to that obtained with the synthetic medium for Lactobacillus arabinosys 
and Streptococcus faecalis. The response with Leuconostoc mesenteroides 
was not uniform until proline was also added to the hydrolysate. 

The methionine standard curves that have been reported by other jp. 
vestigators with various organisms (15-17) show rather high acid produc. 
tion when methionine is omitted from the medium. Several of these 
workers used /(+-)-leucine instead of synthetic dl-leucine in their basal 


media. It has been found that the commercial /(+)-leucine that has been | 
used in this laboratory frequently contained some methionine. The me. | 


thionine assay of several leucine samples (Table II) showed that dl-leucine 
was generally free of methionine and was used, therefore, in our basal 


media. Similar contamination of leucine by methionine has been noted | 


by Baernstein (4). Fox (30) has described a chemical method of removing 
methionine from leucine. 

Table II shows the methionine activity of various compounds tested 
with Lactobacillus arabinosus. The d isomer is practically inactive and dl- 
methionine is one-half as active as 1(—)-methionine. Homocystine, a 
mixture of homocystine and choline, cystine, cysteine, and glutathione 
were devoid of methionine activity. Similar results were reported by 
Stokes et al. (16, 31) with Streptococcus faecalis. 

Results obtained with the studies on hydrolysis showed that methionine 
was liberated at a more rapid rate than the total a-amino nitrogen from 
casein, pork muscle, and soy bean oil meal. This increase may possibly 
be due to the utilization by Lactobacillus arabinosus of peptides of methio- 
nine which were liberated sooner than the amino acids per se. The libera- 
tion of methionine was essentially complete after 5 hours hydrolysis in the 
case of casein and pork muscle, but soy bean oil meal required about 10 
hours for complete hydrolysis. Recoveries of methionine added before 
hydrolysis averaged 100.6 + 5 per cent. Liberation at 24 hours was con- 
sidered to be 100 per cent. Since no destruction of methionine occurred 
with prolonged hydrolysis, it appears that in general 10 hours hydrolysis 
is preferred to 5 hours for maximum methionine liberation in all proteins 
used in this study. 

Since the hydrochloric acid used in hydrolysis is neutralized with sodium 
hydroxide prior to assay, the effect of sodium chloride concentration on 
the assay values was studied. No inhibitory effects were noted at the 
concentrations that are present in the neutralized hydrolysates. However, 
higher salt concentrations (15 mg. of sodium chloride per tube) caused 
decreased acid production with Lactobacillus arabinosus and Streptococcus 
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faecalis. No inhibitory effects were observed with Leuconostoc mesen- 
teroides at salt concentrations up to 40 mg. per tube. This is in agreement 
with the results of Dunn e¢ al. (17). The maximum amount that was 
present in the protein hydrolysates in this study was 1.5 mg. of sodium 
chloride per tube, which is well below the inhibitory level. 

Good agreement in the methionine content of natural materials was 
obtained with different assay levels with each of the three organisms. The 
results obtained with soy bean oil meal are shown in Table III. Recoveries 
obtained with all three organisms at the different assay levels averaged 
99.6 per cent, with most values occurring within a 10 per cent range. 
Consistent values were also obtained upon repeated assay with the three 
organisms (Table IV). 

The average methionine content of a number of proteins and natural 
foodstuffs is shown in Table V. These values are compared with those 
reported by Stokes and Gunness (16) and those summarized by Block and 
Bolling (28, 29). In general our values are slightly higher than the micro- 
biological results of Stokes with the same proteins and lower than many of 
the chemically determined values summarized by Block and Bolling (28). 
The per cent methionine (calculated to 16 per cent nitrogen for the purpose 
of comparison with literature values) in casein, lactalbumin, and egg al- 
bumin, for which many literature values are available, according to our 
results are 3.40, 2.59, and 4.43. The values as summarized by Block (28) 
are 3.5, 2.8, and 5.0 for the same proteins, respectively. The methionine 
content of the purified proteins ranged from 1.02 in gelatin to 4.43 in egg 
albumin. Egg albumin has the highest methionine content of any material 
analyzed. Among the animal foodstuffs, pork liver was found to be the 
richest in methionine, while condensed fish solubles were lowest. Rolled 
oats had the highest methionine content among the foodstuffs of plant 
origin ; alfalfa had the lowest. It is interesting to note that oats and corn 
were richer than wheat in methionine content. It appears that methionine 
is quite widely distributed among vegetable and animal proteins. 


SUMMARY 


Satisfactory standard curves were obtained for methionine with synthetic 
amino acid media when Lactobacillus arabinosus 17-5, Streptococcus faecalis 
R, and Leuconostoc mesenteroides PD-60 were used as the assay organisms. 
A hydrogen peroxide-treated casein hydrolysate was also used successfully. 

The methionine content of a number of purified proteins and natural 
foodstuffs has been determined. The reliability of the assay methods has 
been established by agreement of the results of different organisms with 
different assay levels of sample and repeated assay. Good recovery of 
methionine added prior to hydrolysis of samples was obtained. The me- 
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thionine content of the proteins analyzed agreed satisfactorily with liters. 
ture values. 
Hydrolysis studies show that methionine tends to be liberated faster 


than a-amino nitrogen in casein, pork muscle, and soy bean oil meal 


Hydrolysis was complete after 5 hours autoclaving with 2 nN HCl in the 
case of casein and pork muscle, and after 10 hours in the case of soy bean 
oil meal. 


The importance of using dl-leucine or leucine samples free of methionine | 


in the basal medium is discussed. 
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THE CHROMATOGRAPHIC SEPARATION OF BILE ACIDS 
I. THE SEPARATION OF CHOLIC AND DESOXYCHOLIC ACID 


By HENRYK SILBERMAN anv SOFIA SILBERMAN-MARTYNCEWA 


(From the Andrew’s Laboratories, Sydney, Australia) 


(Received for publication, May 8, 1946) 


The physiological and industrial importance of cholic and desoxycholic 
acids, the two main constituents of the bile acids, makes very desirable a 
method for their qualitative separation and, if possible, for their quantita- 
tive determination. The difference in their solubilities in various solvents 
or of the solubilities of the salts used in their preparation (1) is not very 
marked and causes losses too large to allow more than a rough estimation of 
their quantities and necessitates relatively large amounts of the starting 
material for successful operation. 

The chromatographic analysis of these acids promised a successful 
separation. The difficulty of the method consists in the fact that the bile 
acids are colorless substances, and for the purpose of visual chromatographic 
separation they have to be converted into colored derivatives. 

In the case of the bile acids which contain hydroxy! groups there is the 
possibility of converting them into colored compounds by esterifying the 
alcoholic OH groups by means of azoyl chloride (2). Although this method 
may prove successful, it seems to us more desirable to place the ‘“‘chromo- 
phoric” group on the COOH group for the following reasons. (1) It is well 
known that the different OH groups of the bile acids react differently on 
esterification; so that without special precautions there may be formed 
partly esterified compounds in the case of the dihydroxy] and polyhydroxy] 
compounds which would complicate the chromatographic picture. (2) 
By coupling the ‘‘chromophoric group” to the carboxylic group, not only 
bile acids containing alcoholic hydroxyl groups, but also acids devoid of 

them, like cholenic and polyenic acids, as well as the ketonic derivatives, 
can be included in the scope of the method. (3) The alcoholic hydroxyl 
groups are known to cause strong adsorptivity of a compound (3), and 
therefore it is to be expected that mono-, di-, and polyhydroxy] compounds 
can be differentiated in the chromatogram of their mixture. 

As a suitable chromophoric reagent for the esterification of the COOH 
group we have chosen the w-bromo-p-methylazobenzene. This substance 
is relatively simple and, being a derivative of benzyl bromide, possesses a 
highly reactive bromine atom which reacts under suitable conditions with 
the sodium salts of acids, giving a yield of 85 per cent or higher of the corre- 
sponding ester. 
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w-Bromo-p-methylazobenzene was prepared by Burns, McCombie, anj 
Scarborough (4) by bromination of 4-methylazobenzene but with very 





moderate yields. We found that this compound can be prepared with | 


better yields and in a high state of purity by condensation of p- aminobengy 
alcohol with nitrosobenzene and the transformation of the hy droxymethy| 
compound into the corresponding bromine derivative by action of phospho. 
rus tribromide, as described in the experimental part. 

For the chromatographic separation of the colored esters we tried first 
activated alumina, silica gel, calcium carbonate, and magnesium carbonate. 
The two first were too active and did not allow a proper development of the 
chromatogram ; the third was too weak in its adsorptive properties. Mg(0, 
(a commercial preparation of the Corona Chemical Company, Sydney) 
proved a very satisfactory adsorbent for the colored esters dissolved in a 
mixture of benzene and petroleum ether (65-80°) 1:2. For the develop. 
ment of the chromatogram we first use a mixture of benzene and petroleum 
ether 1:1 and then pure benzene. The ester of the cholic acid is adsorbed 
on top as an orange-colored band; the desoxycholic ester (if in mixture with 
cholic acid ester) is placed below and is lighter in color. It is possible to 
develop a narrow, almost white, band between these two bands of esters 
and with some practice there is no difficulty in a fair separation of the two 
colored zones, provided that a properly packed column is used so that there 
are no excessive irregularities in the formation of the bands. 

5 per cent of cholic acid in desoxycholic acid and 10 per cent of desoxy- 
cholic acid in cholic acid can be easily discerned in the developed chro- 
matogram. 

At present we are engaged in extending this separation to a quantitative 
colorimetric determination of the proportions of the two acids present in the 
mixture and in the visual separation of the esters by using different chro- 
mophoric groups, e.g. CsHs- N=N -C.H,-CO-CH, halide. 


EXPERIMENTAL 


w-Hydroxy-p-methylazobenzene—The condensation of p-aminobenzy] aleo- 
hol with nitrosobenzene in alcoholic solution at room temperature proceeds 
very slowly and gives very low yields. The same condensation in acetic 
acid yields mostly a brick-red compound, of a very high melting point, 
which is sparingly soluble in the usual solvents and is not the expected 
azo compound. In a mixture of alcohol and acetic acid, however, the con- 
densation proceeds smoothly. 

5.85 gm. (0.055 mole) of nitrosobenzene are dissolved in a mixture of 40 
ml. of alcohol and 14 ml. of glacial acetic acid with careful heating to 40-50. 
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are added with continuous shaking in six portions within 5 to 10 minutes. 
The solution turns reddish brown and the temperature rises to approxi- 
mately 40°. The mixture is shaken for an additional 15 to 20 minutes, 
when crystallization sets in and it is left for 3 days at room temperature. 
After standing for a day in a refrigerator, the crystals are filtered and 
pressed on a Biichner funnel. A further crop can be obtained by diluting 
the filtrate with water. After drying in air, the material is extracted with 
warm ether in a continuous extractor (a brown insoluble material remains 
inthe cone). The ethereal solution is evaporated to a small volume until 
an abundant crystallization sets in. An equal volume of petroleum ether 
(40-60°) is added, the mixture is cooled, and the orange crystals are filtered 
with suction and washed with a mixture of ether-petroleum ether. M.p. 
139-140.5°; 8.2 gm. = 78 per cent of the theory. This material is pure 
enough for the next step. For analysis it was recrystallized from ether- 
petroleum ether (40-60°); m.p. 141.5°. 


26.42 mg. C;;H2ON2; 71.12 mg. CO2; 13.82 mg. H,O 
Calculated, C 73.59, H 5.66; found, C 73.41, H 5.85 


w-Bromo-p-methylazobenzene’—To 6.4 gm. of 4-hydroxymethylazoben- 
zene (0.03 mole) suspended in 150 ml. of dry benzene, 3.2 gm. (120 per cent 
of the theory) of PBr; dissolved in 35 ml. of dry benzene are added within 
10 minutes in five equal portions with constant shaking. The orange-red 
solution turns dark and a flocculent precipitate settles on the walls. After 
standing } hour at room temperature, with periodical shaking, the reaction 
mixture is decomposed by addition of water. The benzene is evaporated 
and the residue is extracted with small portions of ether until the last ex- 
tract is only slightly yellow in color. The ethereal extracts are collected 
and evaporated to a very small volume. After addition of double the 
volume of a low boiling petroleum ether (40—60°) and standing in the refrig- 
erator, the crystals are filtered with suction and washed. Orange-yellow 
crystalline powder, m.p. 111-112°; yield, 6 gm. = 72 per cent of the 
theory. 


1 p-Aminobenzy! alcohol was prepared according to Fischer and Fischer (5) with 
the following changes: After removing the azo and azoxy compounds, the filtrate was 
evaporated under reduced pressure (preferably in a CO, stream) and the solid residue 
was exhaustively extracted with ether. The ethereal solution was dried over Na,SQ,, 
the ether evaporated, and the dark brown residue distilled in vacuo. B.p. 169-171°, 
ll mm.; m.p. 64.5°. After recrystallization from benzene, the melting point was 65°. 
Yield, 11 to 12 gm. = 68 to 75 per cent of the theory, from 20 gm. of p-nitrobenzyl 

alcohol (6). 
* We propose for this compound the term azyl bromide. 
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By a further recrystallization from ether-petroleum ether the melting 
point can be raised to 114.5-115°. 
24.5 mg. gave 16.7 mg. of AgBr. 


CyHyN-, Br. Calculated, Br 29.1; found, Br 29.0 


Preparation of Colored Esters of Cholic and Desoxycholic Acids—To a hot 
solution of 1 gm. of w-bromo-p-methylazobenzene in 15 ml. of alcohol js 
added a hot solution of 1.4 gm. of sodium cholate (or 1.3 gm. of sodium 
desoxycholate) (slightly less than the calculated amount) in 5 ml. of water 
and the homogeneous mixture is boiled under a reflux for 6 to 8 hours. The 
alcohol is removed under reduced pressure, and the residue is taken up with 
benzene and washed with water. After evaporation of the benzene layer 
under a vacuum, the residue is dried in vacuo over P:O; and paraffin. For 
the purification of the crude orange-red ester 100 mg. are dissolved in a mix. 
ture of benzene and petroleum ether (70-80°) 1:2 and passed through a 
column of 25 to 30 gm. of MgCO;. The height of the filled portion is about 
26 to 28 cm., 15 mm. inside diameter. The MgCO; was dried for 1 to 1} 
hours at 120° and sifted to pass a 100 mesh screen but not a 150 mesh screen. 
The chromatogram was developed by washing with 100 ml. of a mixture of 
benzene-petroleum ether 1:1 and 150 ml. of benzene. The cholic acid ester 
remained as an orange-colored band, 90 to 100 mm. long, at the top of the 
column. The desoxycholic acid ester behaved similarly, but the color of 
the band was more yellow and the band from the same quantity of material 
was rather wider, 100 to 120mm. 8 to 10 mg. of 4-hydroxymethylazoben- 
zene (m.p. 140-140.5°) could be isolated from a yellow band which traveled 
down the column and could be easily separated from the acid esters by a 
wide white zone or washed into the filtrate. Into the first filtrate passed an 
unidentified red-colored material, approximately 5 mg. For the elution of 
the esters we used a mixture of alcohol and benzene 5:95. 

In the same way we separated mixtures (40 to 80 mg.) of cholic and des- 
oxycholic esters in the proportions of 1:1, 1:5, 5:1, 1:10, and 10:1. 

In the developed chromatogram there was always an easily perceptible 
pale band on the border between the cholic and desoxycholic esters. 

The chromatogram was eluted and the purity of the material separated 
was tested by the following procedure. The solution of the ester in alcohol 
containing benzene was evaporated under reduced pressure, the residue 
taken up in 1 to 1.5 ml. of alcohol, 1 to 2 drops of 50 per cent KOH were 
added, and the mixture was refluxed for 1 to 1} hours. Water was added 
and the alcohol was removed by repeated evaporation. The strong alka- 
line solution was acidified and the acids were redissolved by adding a solu- 
tion of Na,CO;. The mixture was extracted three to four times with ether, 
until the ether layer was colorless, freed from the dissolved ether by heating, 
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cooled, and acidified to Congo red. The separated acid was filtered and 
dried at 120° over P,O; at 8to 10mm. for3 hours. The cholic acid fraction 
invariably had a melting point of 196-198°; that of desoxycholic acid was 
171-172° (checked as the acetic acid-choleic acid, m.p. 142°). 

For the purpose of the chromatographic analysis it is not necessary to 
submit the crude mixture after esterification to any purification, as the 
esters of the cholic and desoxycholic acids are much more strongly adsorbed 
on MgCO; than are the contaminants. The contaminants travel down the 
column or pass into the filtrate. 


SUMMARY 


Cholic and desoxycholic acids were transformed into colored esters by 
permitting their sodium salts to react with w-bromo-p-methylazobenzene. 

The yellow- to orange-colored esters were separated in a chromatogram 
by adsorption on magnesium carbonate. 

The orange-colored cholic acid ester is more strongly adsorbed and is 
separated in the developed chromatogram from the lighter colored 
desoxycholic acid ester by a white band. 
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PARTIAL OXIDATION OF HYODESOXYCHOLIC ACID* 


By T. F. GALLAGHER anpb J. R. XENOS 


(From the Department of Biochemistry, University of Chicago, Chicago) 
Received for publication, June 17, 1946) 


In the course of experiments leading to the synthesis of various steroid 
hormones it became desirable to study the use of a 6-hydroxy bile acid as an 
intermediate for the introduction of unsaturation @ to a ketone group at Cs. 
This reaction had previously been described by Marker and Krueger (1) 
who prepared progesterone from 3 ,6-diacetoxy-20-ketopregnane. None of 
the intermediates were isolated and the authors made no mention of the 
yield obtained. Several experiments were carried out, therefore, on the 
hydrolysis of methyl diacetoxyhyodesoxycholate with from 0.05 to 0.15 N 
NaOH in 85 per cent ethanol. These failed to reveal any evidence for 
differential hydrolysis of the acetoxy groups. 

In general a hydroxyl group at position 3 in the steroid nucleus is more 
resistant to oxidative attack by CrO ; than a hydroxyl group attached to 
Rings Bor C. Thus the hydroxyl groups of cholic acid are dehydrogenated 
by CrOs in the order C7, Cy, C3 (2-4); the Cs-OH group of hyodesoxycholic 
acid is more readily oxidized than the C;-OH (5); and a hydroxyl group at 
Cn is more easily oxidized than the C;-OH (6, 7). However, a similar 
generalization cannot be made for other oxidizing agents. In particular 
the useful method of Oppenauer (8), in which an alcohol is dehydrogenated 
to the carbony! derivative by an aluminum alcoholate in the presence of a 
hydrogen acceptor such as acetone or cyclohexanone, when applied to 
saturated polyhydroxy steroids results in preferential dehydrogenation of 
the C3-hydroxyl. Thus methyl cholate (9), methyl desoxycholate (9), 
3(a) ,20(a)-pregnandiol,! 3 ,7-dihydroxy-12-acetoxy-20-ketopregnane (10), 
and 3,12-dihydroxy-20-keto-2l-acetoxypregnane (11) yield the 3-keto 
derivative upon Oppenauer oxidation. The oxidation of the C;-hydroxy] is, 
of course, much more readily and completely accomplished when a double 
bond is in the vicinity and with such compounds partial oxidation is possible 
even when the other OH group is primary (11). The ease of oxidation of 
the C;-OH is explicable in steric terms, since the C;-hydroxy] in either a or 
3 configuration can easily form the intermediate alcoholate, whereas the 


*The work reported here was supported in part by a grant from Memorial Hospital, 
for which we wish to express our thanks. We wish also to express our appreciation 
of a generous gift of hyodesoxycholic acid from Dr. David Klein, The Wilson 
Laboratories, Chicago. 
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other nuclear hydroxyl groups are hindered by the folding of the fused ring 
system and its substituents. A single exception to this conclusion appeared 
possible in the case of a hydroxy! group at Cs. An OH group at this posi- 
tion is less hindered than others attached to Rings B or C, and might be 
oxidized by Oppenauer’s procedure. A preliminary experiment in which 
methyl hyodesoxycholate in benzene solution was heated under a reflux 
With aluminum ¢-butoxide and cyclohexanone for 15 hours led to the isolg- 
tion of methyl] 3 ,6-diketoallocholanate, indicating that the 6-hydroxyl group 
could be oxidized by this method and that in the course of the reaction isom- 
erization of the cholane structure to the sterically more favorable allocho- 
lane derivative had taken place. It was desirable then to determine 
whether there existed a difference in the rate of oxidation of the hydroxy! 
groups at positions 3 and 6 sufficient for the isolation of the partially oxidized 
monoketohydroxy acid. 

The Oppenauer oxidation of methyl hyodesoxycholate was investigated 
and it Was possible to isolate the hitherto undescribed 3-keto-6-hydroxycho- 
lanie acid from the reaction products. With this material in hand the 
partial hydrolysis of methyl diacetoxyhyodesoxycholate was reinvestigated 
and it was found possible to prepare 3-keto-6-hydroxycholanic acid by 
oxidation of the products of partial saponification. We were thus able to 
confirm the experience of Marker and Krueger and establish that theC;- 
acetoxy group is more easily hydrolyzed than the Cs-acetoxy group, al- 














though the yields obtained were small. 

The initial aim of the investigation, namely the conversion of a 3-keto-6- 
hydroxy bile acid to the a ,8-unsaturated keto derivative was accomplished 
by heating methyl 3-keto-6-p-toluenesulfoxycholanate with  collidine. 
The product, methyl 3-keto-A‘-cholenate, was obtained in good yield from 
the reaction. The tosyl ester is somewhat more stable than was expected, 
since 3 hours refluxing with pyridine resulted in the recovery of over 55 per 
cent of unchanged tosylate. 


EXPERIMENTAL? 
Oppenauer Oxidation of Methyl Hyodesoxycholate—5.54 gm. of methyl 
hyodesoxycholate®? (m.p. 108-110° after drying at 100° for 24 hours in 4 


2A]] melting points are corrected. 

’Marker and Krueger (1) reported the melting point of this compound as 86° after 
crystallization from benzene. This product was undoubtedly a coordination com- 
pound with 1 mole of benzene, although correct analytical values were recorded. 
The air-dried product melts at 88-90° but is not clear up to 100°. If cooled slowly 
from 100°, the melt crystallized and on remelting softened at 120° and gave a clear 
melt at 123°. 48.7 mg. of the air-dried product after drying for 14 hours at 100° lost 
7.1 mg.; calculated for CosHyO,.-Cs He= 7.8 mg. The unsolvated ester then melted 
at 110-112°,[alp = +7.2° (CHCl), and gave a correct analysis, CosHe2O,, calculated, 
C 73.84 H 10.41; found, C 73.66, H 10.51. 
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good vacuum) were dissolved in 50 ml. of anhydrous acetone and added to 
a solution of 6 gm. of aluminum ¢-butoxide in 200 ml. of dry benzene. The 
flask was stoppered and shaken at 40° + 1°. After 51 hours 25 ml. of 
acetone and 75 ml. of benzene were added and shaking continued at the 
same temperature for a total of 119 hours. The solution was diluted with 
ether and washed thoroughly with dilute H-SO, and with water. After re- 
moval of the solvent, the residue was dried at room temperature in a good 
yacuum, dissolved in 50 ml. of anhydrous pyridine, and 10 gm. of succinic 
anhydride were added. The solution was stored at 40° for 17 hours and 
then heated to 90° for 30 minutes. After cooling to 0°, water was added, 
and after a short interval the solution was diluted with ether and thoroughly 
extracted with dilute H,SO, and with water. The ether solution was 
extracted with 1 per cent NaOH and the alkaline extracts were immediately 
acidified in a dilute H,SO,-ice slurry. The ether solution was washed with 
water and the solvent removed. The residue weighed 1.68 gm. and is re- 
ferred to as the “non-alcoholic fraction.”’ The acidic fraction was extracted 
with ether, washed with water, esterified with diazomethane, and dried in a 
good vacuum at 45°. The product was separated into ketonic and non- 
ketonic fractions by means of the Girard Reagent T (12). The non-ketonic 
fraction which weighed 2.87 gm. is referred to as the “non-ketonic alcoholic 
fraction.” The ketonic fraction was obtained by hydrolysis of the hydra- 
zone with 0.2 n H:SO, on standing overnight at room temperature and 
extraction with ether. This is referred to as the “ketonic alcoholic frac- 
tion.” 

The non-ketonic alcoholic fraction was hydrolyzed with 0.5 n NaOH for 
30 minutes at room temperature and, after removal of a small neutral 
fraction by extraction with ether, the acid was obtained by acidification 
and extraction with ether. The acid was esterified with diazomethane and 
crystallized from benzene. 1.27 gm. of methyl hyodesoxycholate (m. 
p. 110-112°; no depression when admixed with an authenic sample) 
were obtained together with 0.69 gm. of amorphous material which could 
not be crystallized even after acetylation and chromatographic separation. 

Methyl 3 ,6-Dil:etoallocholanate—The non-alcoholic fraction (1.68 gm.) 
was hydrolyzed at room temperature with 0.5 N NaOH. 67 mg. of neutral 
material were obtained by extraction with ether. The acid fraction was 
esterified with diazomethane and was purified by chromatographic separa- 
tion on Al-O;. 580 mg. of crystalline product were obtained which upon 
recrystallization from ethyl acetate-petroleum ether yielded 419 mg., m.p. 
147-149°; [a]?4 = +0.5° (CHCl). The product gave no depression on 
admixture with an authentic sample of methyl 3 ,6-diketoallocholanate 
(m.p. 149.5-151°). No additional crystalline material was obtained upon 
further chromatographic separation. 
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3-Keto-6-hydroxycholanic Acid—The ketonic-alcoholic fraction was hy- | 
drolyzed at room temperature for 30 minutes with 0.35 N aqueous alcoholic | 


NaOH. 76 mg. of neutral material were extracted with ether. The acid 
fraction, weighing 1.77 gm., was crystallized from ethyl acetate and 965 
mg., m.p. 172-177°, were obtained in two crops. After recrystallization 


once from ethy! acetate and three times from acetone the compound formed | 
clusters of plates of constant melting point, 201-202°, with preliminary | 


sintering at 198°; [a]?* = +13.7° (acetone). 


CxH;s0,. Calculated, C 73.81, H 9.81; found, C 73.56, H 10.03 


Neither the methyl ester nor the methyl ester acetate of this compound | 


could be obtained in crystalline state. 
Methyl 3-Keto-6-p-toluenesulfoxycholanate—337 mg. of 3-keto-6-hydroxy- 


cholanic acid were esterified with diazomethane, dried, and dissolved in | 


pyridine. Approximately 2 gm. of freshly redistilled p-toluenesulfony] 
chloride were added and the solution allowed to stand overnight. A small 
amount of water was added to the chilled solution and after a short time the 


solution was diluted with ethylene dichloride and with water. The aqueous | 


portion was reextracted four times with fresh portions of ethylene dichlo- 
ride; these were combined and washed with dilute acid, dilute base, and with 
water. After removal of the solvent the product was crystallized from 
ethyl acetate and three crops, weighing 300 mg. and melting at 173-183 
with decomposition, were obtained. Recrystallization from ethyl acetate 
yielded rectangular prisms, m.p. 189-190° (with decomposition); [a] =2 
+8.9° (CHC). 


CzH~O.8S. Calculated, C 68.79, 1.8.30, 8 5.74; found, C 69.10, H 8.47, $ 5.55 


Methyl 3(a)-p-toluenesulfoxy-6-ketoallocholanate was prepared for com- 
parison with the preceding product by a similar procedure. It crystallized 
from ether as long needles, m.p. 133.5-134.5°; [a]” = —5.3° (CHCk). 


CxHe0.8. Calculated, C 68.79, H 8.30, S 5.74; found, C 68.66, H 8.11, § 5.71 


A mixture with methyl 3-keto-6-p-toluenesulfoxycholanate melted from 
118°. 

Methyl 3-Keto-A‘-cholenale—275 mg. of methyl 3-keto-6-p-toluenesulfoxy- 
cholanate were heated under a reflux for 4 hours in 5 ml. of redistilled colli- 
dine. The solution was poured in ether and water, washed with dilute 
acid, dilute base, and with water, and after drying over Na2SO, the solvent 
was removed. The slightly yellow crystalline residue weighed 204 mg. and 
was purified by chromatographic adsorption. After recrystallization from 
petroleum ether 150 mg. of prisms were obtained which melted at 124 
125°; ea = 16,800. Schoenheimer and Berliner (13) record a melting 
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int of 125° for the compound. Alkaline hydrolysis at room temperature 
yielded the free acid, m.p. 187°. Schoenheimer and Berliner (13) record 
a melting point of 185-186° for this compound. 

317 mg. of methyl 3-keto-6-p-toluenesulfoxycholanate were heated under 
a reflux for 3 hours with 10 ml. of redistilled pyridine. The product was 
isolated as described above and yielded 168 mg. of unchanged tosylate 
together with 34 mg. of methyl] 3-keto-A‘-cholenate (melting point and 
molecular extinction coefficient). 

223 mg. of methyl 3-keto-6-p-toluenesulfoxycholanate were dissolved in 
5 ml. of acetonylacetone and heated under a reflux for 50 minutes with 234 
mg. of sodium iodide. The solution was cooled and filtered, and the pre- 
cipitate was washed with acetone and, after drying at 100° in a good vac- 
uum, weighed 64 mg. The acetone was removed from the filtrate by 
distillation and the residue was dissolved in ether and washed thoroughly 
with water. There was considerable emulsification. The ether was re- 
moved and the residue was dissolved in 10 ml. of glacial acetic acid and 
heated under a reflux with 1 gm. of zinc dust for 2} hours. The zinc was 
filtered off and washed with alcohol and the filtrate was evaporated to dry- 
ness. The residue after esterification with diazomethane was purified by 
chromatographic separation on Al,0;. 98 mg. of a crystalline product, 
m.p. 109-111°, were obtained. This was hydrolyzed at room temperature 
with 0.5 n NaOH and the acid obtained was crystallized from ethy] acetate- 
petroleum ether. The product melted at 182-185° and had a typical ultra- 
violet absorption spectrum; €200 = 19,000. It did not depress the melt- 
ing point of an authentic sample of 3-keto-A‘-cholenic acid but when mixed 
with a sample of 3-ketoallocholanic acid (m.p. 182°) the melting point was 
depressed to 167°. 

Preparation of 3-Keto-6-hydroxycholanic Acid by Partial Saponification of 
Methyl Diacetoxyhyodesoxrycholate—606 mg. of methy] 3 ,6-diacetoxychola- 
nate (m.p. 99-101.5°) were dissolved in 20 ml. of methanol and 300 mg. of 
K;CO,; in 5 ml. of water were added. The ester crystallized but after 3 
hours at room temperature with intermittent shaking redissolved. The 
solution was stored at room temperature (22-25°) for 24 hours and the 
methanol removed under diminished pressure at 25°. The solution was 
acidified under ether and extracted thoroughly. The ether solution was 
washed with water and the acid esterified with diazomethane. The 
resultant product was crystallized from benzene and 214 mg. of methyl 
hyodesoxycholate were obtained. The mother liquors on standing yielded 
an additional 20 mg. of the same compound. The amorphous residue 
weighed 276 mg. It was dissolved in 5 ml. of glacial acetic acid and 2.0 ml. 
of 3.3 n CrOs were added and the solution allowed to stand at room tempera- 
ture for 5 hours. The excess CrO; was reduced with sodium bisulfite and 
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the reaction product isolated by extraction with ether. The ester was 
separated by chromatographing on Al,O;. 35 mg. of methyl 3 , 6-diketoallo. 





cholanate were obtained which after recrystallization from petroleum ether | 


melted at 146-148.5°; [a]? = +2° (CHCl). The compound gave no 
depression of the melting point on admixture with an authentic sample. 
The amorphous fraction from the chromatogram (86 mg.) after saponifica- 
tion at room temperature yielded 63 mg. of an acid melting at 193-197,5° 
One recrystallization from acetone yielded plates, m.p. 202-203°, [a]? = 
+14° (acetone), which gave no depression on admixture with an authentic 
sample of 3-keto-6-hydroxycholanic acid. 


SUMMARY 


1. Methyl hyodesoxycholate was converted to methy] 3-keto-6-hydroxy- 
cholanate by Oppenauer oxidation at 40°. 

2. Methy] 3-keto-A‘-cholenate was prepared by heating methyl] 3-keto-6- 
p-toluenesulfoxycholanate with collidine. 
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THE EFFECT OF THE SYNTHETIC PTEROYLGLUTAMIC ACID 
ON THE FEATHERING OF CHICKENS 


By J. J. OLESON, B. L. HUTCHINGS, anv N. H. SLOANE 


(From the Lederle Laboratories, Inc., Pearl River, New York) 
(Received for publication, June 25, 1946) 


The effect of cereal grains on feathering of chickens has been recently 
reviewed by Sanford and Wilcke (1). Hegsted et al. (2) showed the 
essential nature of certain amino acids to normal feather development. 
Mills et al. (3) demonstrated that the norit eluate factor of Hutchings et al. 
(4) promoted growth, feathering, and hemoglobin formation in chickens. 
Briggs et al. (5) believe that this fraction contains several factors, one of 
which is vitamin By, the feathering factor. Campbell et al. (6) have 
presented evidence of the feathering activity of vitamin B,. Recently, 
Angier et al. (7) reported the synthesis of the Lactobacillus casei factor. 
The feathering activity of the synthetic pteroylglutamic acid forms the 
basis of the present report. 


EXPERIMENTAL 


Day-old white Leghorn chicks were housed in groups of ten in heated 
batteries. Food and water were fed ad libitum. Diets were prepared at 
weekly intervals. 

The composition of Diet A is given in Table I. Diet B is identical ex- 
cept that p-aminobenzoic acid is omitted. Diet M is a commercial chick 
starter, fortified with 3 per cent each of dried liver cake, dried brewers’ 
yeast, and Cerophyl. 

The synthetic pteroylglutamic acid was dissolved in 0.05 n NaOH and 
added to the diets at the levels indicated. All other supplements were 
also added directly to the basal diets unless otherwise noted. 

The method of scoring the feathers is similar to that used by the Wisconsin 
workers. A score of 100 represents perfect feathering. The normal range 
isfrom 80 to 100. Ascore of 60 to 80 indicates a fairly good feather growth, 
but the feathers are of somewhat inferior quality and are lacking in luster. 
A value of 50 or less indicates progressively poorer feather development. 
A very severe deficiency of the feathering factor is characterized by a 
score of 10 to 30. 


Results 


The results are summarized in Tables II toIV. The marked feathering 
efiect of the pteroylglutamic acid is illustrated in Table II. It appears 
371 
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that the amount necessary for maximum efiect lies between 1.0 and 15 


mg. of the compound per kilo of diet. Amounts up to 6 mg. per kilo have 


TaBLe [ 
Composition of Diet A 








Ingredient | Ingredient 

















| 
| 


per ceni ME. per cont 
Pe 
Purified casein............... ee are ere 
ls Os el ee ee a 4.3 | Riboflavin ree 
Calcium gluconate................ 3.0 | Calcium pantothenate.......... 3.0 
Gelatin......... Pra haenwie. RAD t Po ces ci cicce seeecccanne! 
Rk cea oan we Seviepeth oi 4.0 | NS EERE ee di dd 
Soy bean oil...................... 5.0 | p-Aminobenzoic acid... — 
Ey 0.25) a-Tocopherol......... ae 5.0 
eee seureaa ware 0.45) Menadione..... ; 0.2 
mg oer oni unils 
Choline chloride.................. 200.0 | Vitamin A....... ROE 3500 
CE PS issatencdas a Ser 





Orally once weekly, 7000 units of vitamin A, 400 units of vitamin D, 5 mg. of 
tocopherol, and 5 y of menadione in corn oil. 

* Glucose monohydrate. 

t A purified cellulose containing 70 per cent a-cellulose and 30 per cent other 
celluloses (Fisher Scientific Company, Pittsburgh, Pennsylvania). 




















TaBe II 
Effect of Pteroylglutamic Acid on Growth and Feathering in Chicks 
Diet suoplaueat per kao Average weight® — | Average feather sco 
mg. gm. 
A None 91 24 
cn 0.5 161 34 
hi 1.0 236 49 
ss 1.5 | 261 | 71 
. 2.0 269 73 
“ee | 2 q 5 242 68 
ei | 5.0 226 68 
M None 289 95 


| 








* Values for the ten chicks alive in each group. 


not further improved feather development. Pteroylglutamic acid-de- 
ficient chicks have a very poor growth of thin, brittle feathers. The ad- 
dition of the synthetic compound produces very nearly normal feathering 
in most birds. 








be 
If] 


’ 


ab 
bel 





















OLESON, HUTCHINGS, AND SLOANE 373 


nd 15 Since additional factors, as well as intestinal synthesis, are suggested to 
» have | be involved in feather development (8), the experiments outlined in Tables 
[I] and IV were performed. 

The addition of p-aminobenzoic acid to Diet B gives little or no effect 
above that of the basal diet plus pteroylglutamic acid. Thus, p-amino- 
—_ | benzoic acid does not seem to be necessary for feather development in the 














Percent | Tasie III 
7 | Effect of Additional Supplements on Activity of Pteroylglutamic Acid 
0.5 | Diet Supplement per kilo Te "hee any 
3.0 | at 28 days score 
0.08 
100.0 gm. 
5.0 B None 98 (10) 26 
5.0 a 3 mg. pteroylglutamic acid 247 (10) 67 
0.2 x ie sia ‘* + 20 mg. p-amino-| 277 (10) 74 
nila benzoic acid 
500 " 3 mg. pteroylglutamic acid + 50 mg. p-amino- | 305 (8) 73 
200 benzoic acid 
‘ 3 mg. pteroylglutamic acid + 20 mg. p-amino- | 236 (10) 70 
ng. of phenylacetic acid 
. 3 mg. pteroylglutamic acid + 200 mg. thyroid | 248 (10) 72 
powder 
other M None 295 (9) 93 
A 1.5 mg. pteroylglutamic acid 266 (10) 61 
aa 6.0 * = - 249 (10) 69 
. 6.0 “ - “* + 20mg.8-pyracin | 213 (10) 62 
ss 6.0 “ = “ +20 ‘ ascorbic 214 (10) 67 
aes 1 acid (daily) 
ws M None 278 (10) 93 
A 4.0 mg. pteroylglutamic acid 205 (9) 70 
| ae " 4.0 “ “ ‘* + 5 gm. yeast nu- 226 (10) 79 
cleic acid 
ws 4.0 mg. pteroylglutamic acid + 25 gm. yeast nu- | 221 (10) 80 
cleic acid 
5 4.0 mg. pteroylglutamic acid + 100 gm. oats 269 (10) 82 
M None 265 (10) 88 











* Figures in parentheses. 


chick under the condition of our test. Additional experiments outlined 
in Table III demonstrate that little or no enhancement of the action of 
pteroylglutamic acid was obtained by addition to the diets of p-amino- 


1-de- phenylacetic acid, thyroid powder, 8-pyracin, ascorbic acid, yeast nucleic 
: ad- acid, pentanucleotides, or whole oats. 
ring The effect of adding several intestinal antiseptics to Diet B is noted in 


Table IV. The addition of carboxysulfathiazole, sulfamerazine, p,p’- 
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diaminobenzophenone, or gentian violet to the basal diet did not appeg | 
to modify the effects obtained with pteroylglutamic acid. These reguylts 


TABLE IV 
Effect of Intestinal Antiseplics on Activity of Pteroylglutamic Acid 


— : j 

















Average weight Average 

















Diet Supplement per kilo | and No. alive®| feather | 
} at 28 days score 
| tm. 
B | None 94 (7) 28 
we 1.0 mg. pteroylglutamic acid | 260 (8) 72 
. 2.0 * = " | 260 (10) 79 
Si 5.0 * " ” | 273 (7) 7 
A i * ™ 236 (7) 63 
” ie a cm 274 (8) 79 
" | ie - . 235 (10) 65 
B 0.7% carboxysulfathiazole 114 (7) 10 
“ | 0.7% " + 1.0 mg. pteroyl- | 283 (7) 80 
| glutamic acid 
ws | 0.7% carboxysulfathiazole + 2.0 mg. pteroyl- | 237 (7) 71 
glutamic acid 
. 0.7% carboxysulfathiazole + 5.0 mg. pteroyl- | 297 (10) 86 
glutannic acid 
M None 288 (6) HY 
B 3.0 mg. pteroylglutamic acid 253 (10) 74 
oi oo ” “ + 0.5% sulfa- 188 (10) 65 
merazine 
“: 3.0 mg. pteroylglutamic acid + 0.5% sulfamer- | 223 (9) 78 
azine + 200 mg. thyroid powder 
¥p 3.0 mg. pteroylglutamic acid + 200 mg. p,p’-di- | 259 (10) 67 
aminobenzophenone 
= 3.0 mg. pteroylglutamic acid + 0.2% gentian 269 (10) 
violet 
M None 281 (10) 92 





* Figures in parenthesis. 























TABLE V 
Individual Variation on Mash and Synthetic Diets 
Diet Supplement per kilo Individual scores Average 
M_ | None | 90, 100, 90, 95, 95, 90, 80, 80, 90,90} 90 
B | 4 mg. pteroylglutamic acid | 60, 25, 90, 90, 90, 90, 35, 80, 80,70 | 71 


would indicate that intestinal synthesis as a factor in normal feather de- 
velopment is of little or no significance. 
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DISCUSSION 


It should be noted that while the data show that the average feathering 
on the synthetic diets containing ptcroylglutamic acid is slightly subnormal, 
this is not entirely true. On the mash Diet M, all chicks show uniformly 
well developed feathers, while the birds receiving the synthetic diet show 
a definite variation, with one or two individuals having low scores and thus 
decreasing the average of a group containing a majority in the normal 
range. The individual scores of two typical groups are shown in Table V. 
The average differences are not statistically significant in groups of the 
size used. 

From the data presented, pteroylglutamic acid can be considered as an 
essential dietary factor for the normal growth of feathers in chickens. 

The effect of the pteroylglutamic acid is not lessened by the addition of 
certain intestinal antiseptics to the diet, thus indicating that intestinal 
synthesis of additional factors is not concerned in normal feather develop- 
ment. 

Supplementing the diet with factors that have been suggested as playing 
a réle in chick nutrition, i.e. p-aminobenzoic acid and ascorbic acid, does 
not increase the activity of the pteroylglutamic acid. The addition of 
thyroid powder, yeast nucleic acid, or whole oats to a diet containing 
pteroylglutamic acid did not significantly increase the quantity or quality 
of feathers produced. 


SUMMARY 


The synthetic pteroylglutamic acid is an essential dietary factor for the 
normal growth of feathers in chickens. 

The effect of the pteroylglutamic acid is not enhanced by the addition 
of a number of biologically active compounds and its effect is not modified 
by the inclusion of certain intestinal antiseptics in the basal diet. 
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LETTERS TO THE EDITORS 





THE DETERMINATION OF ASCORBIC ACID; A SIMPLI- 
FICATION OF THE ROE METHOD 


Sirs: 

To the present time no wholly satisfactory method has been developed 
for the determination of ascorbic acid. The recent method of Roe et al.,? 
however, seems to offer better possibilities than do the more common 
methods in that it depends on the formation of a dinitrophenylhydrazone 
which has a characteristic color. Interfering ketones and aldehydes in 
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biological products appear to be of less consequence in the Roe method as 
modified by Penney and Zilva? than do reducing substances in the 2,6- 
dichlorophenol indophenol methods. 


1 Nutr. Rev., 2, 58 (1944). 

* Roe, J. H., and Kuether, C, A., J. Biol. Chem., 147, 399 (1943). Roe, J. H. and 
Oesterling, M. J., J. Biol. Chem., 162, 511 (1944). 

* Penney, J. R., and Zilva, S.S., Biochem. J., 39, 392 (1945). 
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A great deal would be gained in the Roe method by substituting for the 
85 per cent sulfuric acid, employed to develop the color, a solvent that would 
not tend to heat and char the solution. Such a solvent would have the 
added advantages that less care would be required to dissolve the derivative 
and that much time could be saved in this step. Moreover, the method 
would be better adapted to mass routine analysis. Preliminary experi- 
ments for such a solvent indicated that glacial acetic acid could be em- 
ployed to advantage. 

The results plotted in the figure compare the optical density at 540 my 
obtained with 85 per cent sulfuric acid (Curve 1) and with glacial acetic acid 
(Curve 2). The fact that the reaction with acetic acid is only about half 
as sensitive as it is with 85 per cent sulfuric acid is of little importance. 

Preliminary experiments on lettuce, cabbage, and citrus fruits indicate 
that the modification is a great improvement in the method, as the solutions 
do not char even on long standing. When sulfurie acid is employed on 
lettuce or cabbage, charring almost invariably occurs before the samplesare 
ready to read in the colorimeter. 

The acetic acid may be added in bulk to the dinitrophenylhydrazone 
suspension by means of a “‘volustat”’ without the necessity of cooling the 
reaction mixture in an ice bath. Thus, large scale, routine analysis may be 
greatly speeded up by substituting acetic acid for sulfuric acid in the 
Roe method for the determination of ascorbic acid. 


René A. BOLoMEY 


Department of Nutrition 
A. R. Kemmerer 


University of Arizona 
Tucson 
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OXIDATION OF STEREOISOMERS OF THE INOSITOL 
GROUP BY ACETOBACTER SUBOXYDANS 


Sirs: 


The well known ability of Acetobacter suboxydans to dehydrogenate 
polyhydroxy compounds to ketones is, in the case of meso-inositol, 
illustrated by the production of a monoketoinositol.'? 

Experiments on the oxidation by this microorganism of several 
stereoisomers of the inositol group have revealed interesting steric influ- 
ences (see the table). Whereas meso-inositol, in accordance with previous 
Oxidation of Inositols by Acetobacter suborydans 


The Warburg vessels in each experiment contained 0.5 cc. of the suspension of 
resting bacteria (about 20 mg., dry weight), 2 ec. of 1/15 m phosphate buffer of pH 
6.0, and 0.5 cc. of substrate solution. The experiments were carried out at 38° 
in the presence of air. 























Substrate | Oxygen ee ee per Pin md ; 
micromoles | min. 
meso-Inositol 6.6 | 0.47, 0.50 10 
13.9 0.50, 0.50 15 
l-Inositol 6.6 1.01, 1.03, 1.00 20-25 
d-Inositol 10.0 1.00, 0.97, 0.99 50 
epi-Inositol 8.7 0.51, 0.49 10 
epi-Inosose 6.8 0.25 15 
13.4 0.27, 0.27 15 
| 17.7 | 0.25, 0.26 20 
Quebrachitol 12.5 0 
Pinitol 7.8 | 0 








findings,! consumed 0.5 mole of oxygen, the optically active isomers, 
Linositol and d-inositol, required 1 mole. The naturally occurring mono- 
methyl ethers of the / and d isomers, quebrachitol and pinitol, were not 
dehydrogenated. 

It was found possible to demonstrate the formation of an a-diketo 
derivative of inositol in solutions of l-inositol exposed to the action of 
Acetobacter at 30° for 10 to 14 days by the isolation of a phenylosazone, 
crystallizing from aqueous pyridine or alcohol in long yellow needles with a 
greenish sheen and melting (with decomposition) at 213-214°. Found, 


' Kluyver, A. J., and Boezaardt, A. G. J., Rec. trav. chim. Pays-Bas, 58, 956 (1939). 
* Posternak, T., Helv. chim. acta, 24, 1045 (1941); 25, 746 (1942). 


379 











380 LETTERS TO THE EDITORS 


C 60.8, H 5.8, N 15.4; calculated for CisHooOiNa (356.4), C 60.7, H 5.7, 
N 15.7. The vicinal position of the carbonyl groups was indicated by the 
consumption of 3 moles of periodic acid by the osazone. An osazone with 
similar properties was obtained, although in smaller yield, from d-inositol. 

epi-Inosose* (formed by the action of nitric acid on meso-inositol) and 
epi-inositol®? (obtained by the catalytic hydrogenation of epi-inosose) 
consumed 0.25 and 0.5 mole of oxygen respectively. The examination of 
culture fluids containing epi-inositol led to the isolation (via its phenylhy- 
drazone) of a monoketo derivative of inositol, colorless needles which melted 
(with decomposition) at 198°, reduced Benedict’s solution in the cold, and 
exhibited a slight levorotation, [aJ?? = —5°. Found, C 40.4, H 5,7; 
calculated for CsHyO, (178.1), C 40.5, H 5.7. 

When the specific steric requirements for the occurrence and the extent 
of oxidation are more clearly defined, this approach may become a useful 
tool in configurational studies on cyclitols. A detailed report on these 
experiments, which are being continued, will be presented later. 


Department of Biochemistry ERWIN CHARGAFF 
College of Physicians and Surgeons Boris MAGASANIK 
Columbia University 
New York 
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3 Posternak, T., Helv. chim. acta, 19, 1333 (1936) 
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DETECTION OF BIOCHEMICAL MUTANTS 
OF MICROORGANISMS 


Sirs: 


Biochemical or nutritional mutants of microorganisms have many uses in 
biochemistry and in chemical genetics,’ but their application to many 
specific problems has been limited by the effort that must be spent to obtain 
the specific mutants required in a given instance. The methods that have 
been described previously? may be summarized briefly as follows: 

Mutations are induced in a culture of the microorganism by any of a 
variety of agents, including x-radiation, ultraviolet light, and nitrogen mus- 
tard gas. Even with the most efficient mutating agents, only a small 
fraction of the cells in the culture are mutants. In order to detect the 
mutants, numerous single spore or single colony isolations are made, and 
cultures are established and maintained on a richly supplemented or “‘com- 
plete” medium. Each culture is then tested for its ability to grow on the 
minimal medium. The occasional strains which lack this ability are classed 
as mutants, and their specific nutritional requirements may then be deter- 
mined. Since most of the cultures represent the original wild type, a great 
many tests must be made for the isolation of relatively few mutants, of 
which again, only certain ones may be of particular interest. 

The following procedure has been developed to facilitate the detection of 
biochemical mutants. It depends on selecting the unmutated cells by their 
ability to form large colonies on a minimal agar medium, and the detection 
of the residue of mutants by the subsequent addition of a multiple supple- 
ment which will then allow the mutants to proliferate. The method has 
been applied primarily to the detection of mutants in ultraviolet-treated 
Escherichia coli, but there is no apparent reason why it should not be 
equally applicable to any organism which forms compact colonies when 
grown on minimal agar medium. 

As applied to Escherichia coli, a minimal agar plate is poured in three 
layers, to the middle one of which 50 to 400 of the cells to be screened have 
been added while the agar was still liquid. The purpose of the stratification 
is to insure a uniform depth for all the colonies, to prevent spreading growth 
which is more liable to occur at a glass or air interface, and to keep the 


' Beadle, G. W., Chem. Rev., $7, 15 (1945). 

* Beadle, G. W., and Tatum, E. L., Am. J. Bot., 32, 678 (1945). Gray, C. H., and 
Tatum, E. L., Proc. Nat. Acad. Sc., 30, 404 (1944). Roepke, R. R., Libby, R. L., 
Small, H. H., J. Bact., 48, 401 (1944). 

*Tatum, E. L., in Cold Spring Harbor symposia on quantitative biology, Cold 
Spring Harbor, in press (1946). 
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cells in a colony from contaminating the entire plate in the next step. The 
plates are incubated until the unmutated cells have developed into colonies 
of a convenient size (as experimentally determined). Then a layer of 
“complete” agar medium is poured on the surface of the plate. Growth 
factors diffusing through the agar reach the unproliferated mutant cells and 
permit their development into visible colonies. In £. coli, these colonies of 
mutant cells may be detected by their uniquely small size 6 to 24 hours 
after the “complete’’ medium has been added. The small colonies are 
picked to complete medium, and retested for their ability to grow on mini- 
mal medium, to verify whether they are indeed mutants. In the case of 
E. coli, most, but not all, of the small colonies have been demonstrably 
mutants, but there are indications that highly unstable mutants occur, 
which revert readily to the wild type.. Such mutants would behave like 
the wild type subsequent to their initial isolation. 

The method has been applied successfully to mixtures of wild type and 
previously isolated mutants. It has, furthermore, been used to isolate a 
variety of biochemical mutants from x-ray and ultraviolet-treated EZ. coli, 
including strains blocked at some point in the synthesis of proline, methio- 
nine, histidine, isoleucine, cystine, thiamine, or p-aminobenzoic acid. 
Osborn Botanical Laboratory JosHUA LEDERBERG! 

Yale University E. L. Tatum 

New Haven 
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* Ryan, F. J., and Lederberg, J., unpublished experiments. 
5 Fellow of the Jane Coffin Childs Memorial Fund for Medical Research 
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BIOTIN AND AVIDIN INTAKE AND LIVER CHOLESTEROL 


Sirs: 


Feeding rats biotin with diets very low in cholesterol has been shown by 
Gavin and McHenry’ to give fatty livers containing 0.67 to 1.25 per cent 


cholesterol. 


Diett 


B 


E 


Lipid Content of Livers of Young Rats* 


When we fed adequate diets containing 1 per cent cholesterol, 





Critical ingredients 








36% dried whole egg, no 
added biotin 


36% dried whole egg|| + 
biotin (1.5 y per 10 gm. 
diet) 

Sample I 
«ee 

10.8% dried egg white, 1% 
cholesterol, no biotin 
1 mo. 


2 mos. 


10.8% dried egg white, 1% 
cholesterol, low biotin] 

Controls; 10.8% dried egg 
white, no cholesterol, 
low bioting 

Controls; casein, 1% cho- 
lesterol, vitamins as in 
Diet D 





No. 
of 
rats 





8 








Fatty acidt chown at Notes 

5.0 6.5 | 0.70-1.1 | Livers seem normal; 
deficiency § evi- 
dent in males only 

7.2- 7.25) 1.46-1.50 | Livers fatty 

3.0-12.0 | 2.31-2.33 - ws 

7.2-— 8.4 | 0.90-0.93 | Livers seem normal; 
beginning defi- 
ciency 

3.0- 3.2 | 0.20-0.22 | Deficiency evident 
in all animals 

3.2- 4.5 | 0.34-0.45 | Deficiency§ evident 
in males only 

2.5- 6.0 | 0.26-0.50 | Deficiency not ob- 
vious 

10.3-13.0 | 3.27-3.94 | Livers fatty 











* Equal numbers of males and females. 

t The diets furnished, per kilo, 0.5 gm. each of choline and inositol and 2 mg. of 
folie acid. They were fed for at least 60 days unless otherwise noted. 

t Per cent moist weight; ranges; livers from two rats pooled for each analysis. 

§ First symptom, loss of hair. 

| Two Sample II contained less avidin than Sample I. 

{ 0.4 y per 10 gm. of diet for 5 weeks, then 1.5 y per 10 gm. for 7 weeks. 


liver cholesterol values varied from about 3 to 8 per cent. 


We observed 


that when guinea pigs were given equal amounts of cholesterol (0.66 per 


? Gavin, G., 


and McHenry 


E.W 


J 


Biol. Chem., 141, 619 (1941). 
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cent) in egg yolk, in whole egg,’ or with casein, those fed the whole egg had 
about half the liver lipide found in the other groups. Feeding 2 y of biotin 
per day with the casein-cholesterol diet doubled liver cholesterol values, 
This suggested that the avidin in the whole egg decreased storage of excess 
dietary cholesterol. 

Further tests were made with rats. Diets adequate for growth were 
made up with vitamin-free casein, fat, salts, sucrose, and crystalline vita- 
mins. Egg products, biotin, and cholesterol were incorporated in these 
diets as noted in the table. Cholesterol-fed rats with incipient biotin 
deficiency (Diets A, C, and D) stored no excess liver lipide, although they 
ate enough cholesterol-rich diet to gain weight normally up to the time of 
autopsy. Feeding small amounts of biotin (Diets B) or substitution of 
casein for egg white (Diet F) produced marked increases in liver cholesterol. 

These data indicate that biotin may be essential for deposition of excess 
dietary cholesterol in the liver. Avidin feeding, presumably by making 
biotin unavailable, prevents cholesterol accumulation and there is even 
some indication that it may help to remove cholesterol already deposited. 
Cholesterol-fed rats given avidin for a short time have consistently more 
liver cholesterol than those fed for longer periods. Further work on this 
problem has been undertaken in cooperation with the division of Poultry 
Research. 


Department of Home Economics Ruta OKey 
University of California 
Berkeley 


Received for publication, June 14, 1946 


? The yolk of an egg is rich in biotin, but the white usually contains more than 
enough avidin to inactivate the yolk biotin. 
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THE OXIDATION OF OCTANOATE BY NORMAL AND 
LEUCEMIC MOUSE LIVER HOMOGENATES* 


Sirs: 

We have recently begun a study of enzyme systems in normal and leuce- 
mic mouse tissues, with particular emphasis on certain aspects of lipide 
metabolism. 

As a first approach we have employed the technique of Lehninger' in 
studying fatty acid oxidation by liver homogenate systems. The mouse 
liver systems have been found to parallel rat liver in requiring adenosine 
triphosphate for octanoate oxidation. In order to obtain satisfactory Qo, 
values for mouse liver homogenates we have used one-half the substrate 
concentrations employed by Lehninger. In these experiments we have not 


Average Oxygen U ptakes 
45 minute period; approximately 85 mg. of fresh tissue per Warburg flask. The 
figures in parentheses represent the range. 

















No. of Endogenous ° 
enimels Complete system Ply. = Net uptake 
microliters microliters microliters 
Normal] C-57 mice 7 164 82 82 
(119-207 ) (41-102) (67-105) 
Normal C-58 mice 3 205 109 96 
(197-212) (102-112) (94-100) 
Leucemic C-58 mice 7 37 32 5 
(17-68) (13-64) (2.8-8.5) 











used malonate to inhibit the so called endogenous respiration, and our 
systems have shown a definite cytochrome requirement.? 

In the table are shown average oxygen uptakes for liver homogenate 
systems from seven normal mice of the C-57 Black strain,’ three non- 
leucemic animals of the MacDowell C-58 strain, and seven leucemic C-58 


animals. 
The data present a similar picture whether calculated on a wet or dry 


* The authors wish to express their appreciation to Dr. E. C. MacDowell of the 
Department of Genetics, Carnegie Institution, Cold Spring Harbor, Long Island, 
New York, for supplying them with animals from the valuable C-58 strain, which 
shows a very high incidence of spontaneous leucemia. 

1 Lehninger, A. L., J. Biol. Chem., 157, 363 (1945) ; 161, 437 (1945). 

? Potter, V. R., J. Biol. Chem., 163, 437 (1946). 

? Animals from the C-57 Black strain were kindly supplied by Dr. Herman B. Chase 
of the Zoology Department of the University of Illinois. 
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weight basis. Four of the leucemic animals showed marked fatty infiltra- 
tion of the liver. A pathological study of the C-58 animals showed leucemic 
infiltrations in liver, lungs, kidneys, pancreas, and spleen and greatly 
enlarged lymph nodes in animals with leucemia. The non-leucemic C-58 
and the C-57 mice presented a normal clinical and histological picture. 

Studies of the anaerobic glycolysis of liver slices from the C-58 mice used 
in these experiments have provided some indication as to the extent of 
leucocyte infiltration in leucemic animals.‘ Estimates were also made by 
histological means of the extent of leucemic infiltration. On the basis of 
such estimates malignant leucocytes occupied about one-sixth of the total 
tissue space of leucemic livers. 

It appears from the results obtained that these leucemic liver systems 
are incapable of normal fatty acid oxidation. The evidence supports the 
idea that the presence of malignant leucocytes in the liver leads to failure 
of at least one important enzyme system. ‘This work is being extended at 
present to include the study of other enzymes. 


Division of Biochemistry, Noyes Laboratory of Chemistry CaRL 8. VESTLING 
University of Illinois SeYMouR KaurMAN 
Urbana tICHARD E. MaxweE.i 

Department of Radiology HENRY QUASTLER 
Carle Hospital Clinic 
Urbana 


Received for publication, July 18, 1946 





‘Burk, D., Sprince, H., Spangler, J. M., Boon, M. C., and Furth, J., J. Nat 


Cancer Inst., 3, 249 (1942) 
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THE GROWTH-STIMULATING EFFECT OF A HEAT-LABILE 
FACTOR IN LIVER EXTRACT ON RATS FED 
A NATURAL DIET 


Sirs: 

In studies on the nutritional value of certain human diets, evidence has 
been obtained for the existence of a heat-labile factor or factors in liver 
extract active to stimulate growth of rats. When certain natural diets 
were used, poor growth was obtained which could be stimulated by a liver 
fraction. Later it has been shown that the liver factor was heat-labile. 
The most striking growth stimulation was obtained with a diet of auto- 
claved soy beans and ground yellow corn, each fed ad libitum. 


Growth Response of Rats Fed Autoclaved Soy Beans and Ground Yellow Corn to Liver 
Extract and Some Other Supplements 














No.of | oereemn Average weight 

24 None 69.5 
20 Liver extract 131 

8 Heated liver extract 71 

4 Fresh yeast 112 

8 Autoclaved yeast 108 

4 Fresh yeast + liver extract 145.5 

4 Casein + B vitamins 72.5 





Liver extract and vitamins were fed 1 drop per animal per day, fresh yeast and 
casein in the amount of 0.5 gm. per animal per day, autoclaved and dried yeast 
0.125 gm. per animal per day. The vitamin mixture contained in each ml. thiamine 
1 mg., riboflavin 1 mg., pyridoxine 1 mg., pantothenic acid 2 mg., niacin 2 mg., 
choline 100 mg., inositol 25 mg., p-aminobenzoic acid 10 mg. 


Rats maintained for 2 years on this diet showed fair growth, physical 
conditions, and reproduction. The liver preparation used to supplement 
this diet was prepared by alcohol extraction of fresh beef liver; proteins 
and lipides were removed from the extract. In the table the growth of 
various groups of rats fed the above diet plus a number of supplements is 
reported. It will be noted that the liver extract doubled the growth rate 
of the animals. If heated to 80° for 10 minutes, it was completely inacti- 
vated. Yeast, although stimulating growth, probably does not contain the 
active substance, as its action was not modified by autoclaving, and as 
liver stimulated growth of rats fed the diet plus fresh yeast. Casein plus a 
mixture of the known B vitamins (biotin and folic acid not included) 
was ineffective in stimulating growth. The active liver factor is probably 
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not identical with one of the known vitamins or amino acids, as they are 
not inactivated by short autoclaving in neutral solution and as they are 
present in yeast. 

Woolley has lately described a factor, strepogenin, which stimulates 
growth of certain bacteria and mice; as it is heat-stable and present in 
casein,’ it cannot be identical with the liver factor. While the present 
experiments have been under way and after their conclusion, a number of 
papers have been published reporting on a factor or factors in raw liver 
which stimulate growth of rats and mice,? cause optimal growth and prevent 
anemia in monkeys,’ and stimulate growth of S. faecalis. It remains to be 
shown whether all these actions are caused by the same factor. 


Instituto Quimio-Biolégico WERNER G. Jarré! 
Caracas 
Venezuela 
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1 Woolley, D. W., J. Biol. Chem., 162, 383 (1946). 

* Jeminez-Diaz, C., and Vivanco, F., Rev. clin. espati., 3, 263 (1943). Bosshardt, 
D. K., Cierzko, L. 8., Buffington, A. S., and Arnow, L. E., Arch. Biochem., 7, 1 (1945). 
McIntire, J. B., Henderson, L. M., Schweigert, B. S., and Elvehjem, C. A., Proc. 
Soc. Exp. Biol. and Med., 54, 98 (1943). 

* Cooperman, J. M., Waisman, H. A., McCall, K. B., and Elvehjem, C. A., J. 
Nutr., 30, 45 (1945). 

* Cooperman, J. M., Ruegamer, W. R., Snell, E. E., and Elvehjem, C. A., J. Biol. 
Chem., 163, 769 (1946). 

’ Present address, Department of Biochemistry, University of Wisconsin, Madison. 
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A SUBSTANCE IN INCUBATED RAT HEART AUGMENTING 
THE CHOLINESTERASE ACTIVITY OF HEART MUSCLE* 


Sirs: 

In the course of a study of the cholinesterase present in comminuted rat 
heart muscle, a peculiar property of this enzyme preparation! became 
apparent: Increasing activity towards acetylcholine? was observed, the 
increase reaching its maximum (30 to 60 per cent) after the preparation had 
been kept for 3 to 5 days at 2° or for 4 to 5 hours at 37°. Furthermore, 
when the 4 to 5 hour incubation period at 37° was followed by incubation 
at 28-30° for 16 hours, the tissue pulp was found to have acquired the abil- 
ity to increase by 20 to 25 per cent the cholinesterase activity of an equal 
amount of fresh heart pulp. 

The ability of a preparation, treated in the above manner, to increase the 
cholinesterase activity of fresh heart pulp was unaffected by subjecting the 
preparation to a temperature of 56° for 1 hour, a procedure which inactivates 
its cholinesterase. Heating the preparation to 56° before incubating it for 
16 hours at 28-30°, however, prevented the release of the substance respon- 
sible for the activation of the cholinesterase in fresh heart pulp; this indi- 
cates that the release of the activating agent is due to an enzymatic process. 
The above results were also obtained under sterile conditions, the sterility 
being confirmed by bacteriological tests. The enzyme systems concerned 
with the formation and the release of the activating agent must, therefore, 
be present in the heart and were not introduced through contamination. 

The activating effect of incubated heart pulp seems to be specific for the 
cholinesterase of heart, since no augmentation in the activity of 
cholinesterases from other sources could be demonstrated. 

Dialysis or incineration of heart pulp previously shown to possess acti- 
vating properties abolishes the ability of the preparation to activate the 
cholinesterase of fresh heart pulp. 

The increase in activity of incubated heart preparations and the ability 
of these preparations to increase the cholinesterase activity of fresh heart 
pulp could result either from the formation of an activator or from the 


* This investigation was aided by a grant from the Banting Research Foundation. 

1 A suspension of 1 part of finely ground rat heart in 3 parts of distilled water. 

* The cholinesterase activity was measured manometrically at 37.5° in 0.025 m 
NaHCO, saturated with 5 per cent CO, in Nz. 0.15 cc. of the heart suspension was 
placed in the main compartment of the Warburg vessel and 0.05 cc. of acetylcholine 
(10 per cent) in the form of the chloride was tipped in from the side arm; the total 
fluid volume was 5.0 cc. 
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production of a substance which neutralizes the action of a naturally 
occurring cholinesterase inhibitor. 


Banting and Best Department MarGaret Wricut 
of Medical Research Bruno MENDEL 
Banting Institute 
University of Toronto 
Toronto, Canada 


Received for publication, July 29, 1946 
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THE INFLUENCE OF A STREPOGENIN CONCENTRATE 
ON THE METABOLISM OF GLUTAMIC ACID BY 
STREPTOCOCCUS FAECALIS* 


Sirs: 


The unusual growth response of Lactobacillus arabinosus toward limiting 
concentrations of glutamic acid in the medium was noted by Lewis and 
Olcott! and Lyman and coworkers.? We have attempted to use Strepto- 
coccus faecalis as the test organism in similar assays without success. Of 
particular interest was the fact that some unhydrolyzed crude materials 
resulted in dosage response curves at variance with the standard curves. 
Also, as with Lactobacillus arabinosus, amounts of glutamic acid adequate 


Response of Streptococcus faecalis to Various Combinations of Glutamic Acid and 

















Strepogenin 
~*ais oh - | concentration per 10 cc. pk ogee Generation time 
basal medium 0.16 mg. organisms 

me. meg. hrs. Ars. 
0.1 | 0.2 26.0 

0.2 0.2 16.6 

0.3 0.2 13.0 

0.5 0.2 10.0 

0.2 1.0 [7.5 

0.2 2.0 6.5 

0.2 0 47.4 6.2 
0.4 0 23.4 2.5 
0.7 0 14.5 1.6 
1.0 0 11.3 1.2 
2.0 0 | 7.9 | 0.87 








for good growth sometimes required more than 100 hours before growth 
reached its limit, while larger amounts resulted in very rapid growth. Nor- 
mally, growth is complete with this organism in 16 to 18 hours. These 
facts suggested to us that strepogenin* might affect the early growth of 
Streptococcus faecalis at low glutamic acid concentrations. A concentrate 
of the growth factor was therefore prepared* and tested. 


* Research paper No. 589, Journal Series, University of Arkansas. Aided by a 
grant from the Committee on Therapeutic Research, Council on Pharmacy and 
Chemistry, American Medical Association. 

1 Lewis, J. C., and Olcott, H.S., J. Biol. Chem., 157, 265 (1945). 

* Lyman, C. M., Kuiken, K. A., Blotter, L., and Hale, F., J. Biol. Chem., 157, 
395 (1945). 

*Sprince, H., and Woolley, D. W., J. Am. Chem. Soc., 67, 1734 (1945). 
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Media and methods similar to those of Baumgarten et al.‘ were used. 
Growth was measured by reading turbidities with a spectrophotometer, 
As is shown in the table, the data obtained indicate that in the presence of 
added strepogenin the time required to produce a standard amount of 
growth is a function of the concentrations of both glutamic acid and strepo- 
genin. When no strepogenin was added, the generation time was inversely 
related to the glutamic acid concentration. These data appear to establish 
a relationship between some substance in the strepogenin concentrate and 
glutamic acid metabolism. The concentrate showed similar activity when 
added before autoclaving or when sterilized by filtration and added after 
autoclaving the medium. Assay of the unhydrolyzed strepogenin concen- 
trate for glutamic acid indicated that it had an activity corresponding to 
admixture with 5 to 10 per cent of its weight of glutamic acid. 

Preliminary data obtained with Lactobacillus casei suggest that the same 
relationship holds with this organism. Therefore, there is little reason to 
doubt that the active factor is actually ‘“‘strepogenin”’ as measured by the 
method of Sprince and Woolley.’ 


Department of Physiological Chemistry Joun R. Torrer 
School of Medicine Mary E. Ma.tuory Kino 
University of Arkansas 
Little Rock 


Received for publication, August 8, 1946 








‘ Baumgarten, W., Garey, J. C., Olsen, M. J., Stone, L., and Boruff, C.S., J. Am. 
Chem. Soc., 66, 1607 (1944). 
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ACTION OF CHOLINE AND FAT ON THE FORMATION 
OF PHOSPHOLIPIDES IN THE INTESTINE* 


Sirs: 


Previous studies' have shown that lipide phosphorylation in the small 
intestine is more active when fat is ingested.2?- The present data indicate 
that both choline and fat are involved, a finding which may be of interest in 
relation to a possible réle of lipide phosphorylation in the absorption of fat 
from the intestine.’ 

Male albino rats (100 to 110 gm.) were maintained for 7 days on a low 
fat, low choline diet. In each experiment four rats, A, B, C, and D, were 
injected intraperitoneally with 0.5 ce. of a solution of NazHPO,, containing 
radioactive phosphorus (P*). Shortly before the injection the following 


Total Radioactivity* and Specific Activityt of Lipide P in Small Intestine of Rats 


























Hrs. Substance given 
Diet after 
pe Water Choline Oil + choline | Oil + water 
Choline-deficient 3 84 (38) 134 (48) 151 (47) 82 (38) 
- 6 132 (58) 143 (70) 267 (90) 133 (59) 
si 24 111 (42) 116 (48) 181 (61) 121 (48) 
Stock{ 6 117 (52) 145 (52) 233 (62) 187 (67) 











* Expressed in relative radioactive units (r.r.u.), the total dose injected in the 
animal being considered equal to 10‘ r.r.u. 

t The figures in parentheses indicate the specific activity (total radioactivity in 
r.r.u. per mg. of lipide P in the intestine of a 100 gm. rat). 

t Rockland rat diet (complete), containing 5.5 per cent of fat. 


were administered by stomach tube: Rat A, water (1 ec.); Rat B, choline 
hydrochloride (30 mg. in 1 cc. of water); Rat C, oil (2.2 cc.)§ and choline 
hydrochloride (30 mg. in 1 cc. of water); Rat D, oil (2.2 ec.) and water (1 ce.). 


* Aided by a grant from the John and Mary R. Markle Foundation. 

1 Artom, C., Perrier, C., Santangelo, M., Sarzana, G., and Segré, E., Boll. Soc. 
ital. biol. sper., 12, 708 (1937). Artom, C., Sarzana, G., and Segré, E., Arch. internat. 
physiol., 37, 245 (1938). Fries, B. A., Ruben, S8., Perlman, I., and Chaikoff, I. L., 
J. Biol. Chem., 123, 587 (1938). 

* In these studies the diets probably contained adequate amounts of choline or 
choline precursors. 

* Sinclair, R. G., J. Biol. Chem., 82, 117 (1929); 115, 211 (1936). Verzdr, F., and 
Laszt, L., Biochem. Z., 270, 24, 35 (1934). Artom, C., and Peretti, G., Arch. internat. 
physiol., 42, 1 (1935). 

‘ Casein 5 parts, dextrin 42, sucrose 42, Crisco 2.5, cod liver oil 2.5, salt mixture 4, 
ruffex 2. A mixture of pure B vitamins was added to the daily ration of the rats. 

* A commercial preparation of partially hydrogenated cottonseed oil. 
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After 3, 6, and 24 hours the rats were killed by decapitation and the lipides 
extracted from the small intestine. On the lipide extracts the radioactivity 
and the phosphorus content were determined as described.* Representa- 
tive data of experiments from rats on the choline-deficient diet, and also 
from controls on an adequate stock diet, are recorded in the table. 

It appears that when single large doses of choline and fat are given simul. 
taneously there is a considerable increase in both the total radioactivity and 
the specific activity of the intestinal phospholipides. Choline alone alsc 
stimulates the phosphorylation of lipides in the intestine, but to a lesser 
extent than when choline and fat are ingested. In rata on the choline- 
deficient diet, the administration of oil alone does not affect the total 
radioactivity or the specific activity values. This finding, in conjunction 
with the results obtained from rats on the stock diet, suggests that the 
supply of choline (or choline precursors) may represent a limiting factor 
for the formation of phospholipides during the absorption of fat from the 
intestine. 


Department of Biochemistry CAMILLO ARTOM 
Bowman Gray School of Medicine W. E. Cornatzer 
Wake Forest College 
Winston-Salem, North Carolina 


Received for publication, August 8, 1946 





* Artom, C., J. Biol. Chem., 139, 953 (1941). 
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THE ADENOSINETRIPHOSPHATASE ACTIVITY IN THE 
PRESENCE OF CREATINE 


Sirs: 


Ljubimova and Engelhardt! reported an indirect effect of creatine on the 
adenosinetriphosphatase activity in a dialyzed aqueous extract of muscle. 
The extracts were practically inactive when adenosine triphosphate (ATP) 
alone was added, but when creatine was also added, there was a formation 
of both true inorganic phosphate and phosphocreatine. They assumed 
that the reaction was connected with the process of transphosphorylation 
between ATP and creatine. 

It was stated by Price and Cori’ that this activation by creatine was not 
due to the formation of phosphocreatine, because on fractionation of the 
aqueous extracts with ammonium sulfate the formation of phosphocreatine 
disappeared, while the effect of creatine in enhancing adenosinetriphos- 
phatase activity persisted. 

When I repeated these experiments prior to final publication of extensive 
and seemingly well controlled experimental material, I could not confirm 
them. An aqueous extract of rat or rabbit muscle was first dialyzed and 
then precipitated three times at pH 7 and 33 per cent saturation with 
ammonium sulfate. The final precipitate was dissolved and dialyzed. 
Inorganic phosphate was formed from ATP, but there was no acceleration 
of this reaction by creatine in the absence of formation of phosphocreatine. 

This cast doubt on the validity of other experimental findings previously 
reported,” particularly the claim that the adenosinetriphosphatase activity 
which remained after treatment of myosin with acetone was enhanced by 
creatine. This could not be confirmed either. When the myosin is not 
carefully purified, it contains the enzyme which transfers phosphate from 
ATP to creatine and this enzyme survives the acetone treatment. Unless 
true inorganic phosphate is being determined, the formation of phospho- 
creatine will simulate an acceleration of adenosinetriphosphatase activity 
by creatine. When the muscle is extracted with water prior to the extrac- 
tion of myosin with salt solution, or when the myosin is reprecipitated and 
washed three times, some adenosinetriphosphatase activity remains after 
the acetone treatment, but creatine has no effect on it and there is no 
formation of phosphocreatine. In the course of this reinvestigation it was 
found that calcium can replace magnesium in the activation of the enzyme 
that transfers phosphate from ATP to creatine. 


! Ljubimova, M. N., and Engelhardt; W. A., Biokhimiya, 4, 716 (1939). 
* Price, W. H., and Cori, C. F., J. Biol. Chem., 162, 393 (1946). 
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The question whether the adenosinetriphosphatase activity which re. 
mains after the acetone treatment is a true separation of the enzyme from 
myosin will require further work. 


Department of Pharmacology Car F. Corr 


Washington University School of Medicine 
St. Louis 


Received for publication, August 13, 1946 
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A LABILE IRON POOL 


Sirs: 


When radioactive iron is injected intravenously, the rate at which it is 
incorporated into the erythrocytes as hemoglobin is such that it is necessary 
to consider that a pool of iron or a labile form of storage iron exists which 
should be distinguished from the available iron stores. 

A 70 kilo man may possess a total circulating hemoglobin mass of 900 gm. 
It has been demonstrated that the average “‘life’’ of the erythrocyte is about 
125 days.' Consequently a man of this size would break down 900/125 = 
7.2 gm. of hemoglobin each day, liberating 7.2 X 3.39 = 24.4 mg. of iron.? 
In order to maintain his hemoglobin level, the subject must use the same 
amount of iron per day for hemoglobin synthesis. If 5 mg. of Fe®* are 
injected intravenously, and if this were to merge with the 24.4 mg. of iron 
derived from hemoglobin breakdown, the proportion of the radioactive iron 
which would enter the red blood cells should be (24.4 X 100)/(24.4 + 5) = 
83 per cent daily. Actually much less than this is taken up by the red 
corpuscles. 

It has been stated* that in the dog the amounts of iron in the circulating 
hemoglobin and in the available stores represent respectively 57 and 15 to 
20 per cent of the total body iron. If the figures are applied to man, a 
person who possesses 900 gm. of circulating hemoglobin should carry about 
1000 mg. of iron in the available stores. If a small dose, say 5 mg., of 
intravenously administered radioactive iron were to merge with the avail- 
able stores, then (24.4 X 100)/(24.4 + 5 + 1000) = 2.4 per cent should 
appear in the circulation each day. 

We have made estimates of the uptake of Fe®® with comparable doses in 
several species of animals and find values which rise from about 10 per cent 
on the Ist day to steady levels of about 15 per cent per day after the 2nd 
day. From the latter figure it can be calculated ((24.4 & 100)/(24.4 + 
5 + x) = 15) that the labile pool of iron (x) available amounts to about 
133 mg. Calculated in relation to the body weight of the animal, the aver- 
age figures for normal rats, pigs, and men, respectively, are 1.00, 1.68, and 
3.69 mg. per kilo. These are based on the uptakes after 1 or 2 days of small 
amounts of radioactive iron injected intravenously (0.03 to 0.30, 0.01 to 
0.92, and 0.064 mg. per kilo of body weight in the respective species). 

‘ Hawkins, W. B., and Whipple, G. H., Am. J. Physiol., 122, 418 (1938). Shemin, 
D., and Rittenberg, D., Federation Proc., 5, 153 (1946). 


* Drabkin, D. L., Am. J. Med. Sc., 209, 268 (1945). 
+ Hahn, P. F., Medicine, 16, 249 (1937). 
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Figures based on the uptakes 2 to 4 days after injection would be different, 
since the uptake then is usually more rapid than earlier. The estimates 
presented are admittedly only approximate; accurate values will require 
further study. 

The labile pool would appear to be an intermediate stage which receives 
iron from hemoglobin breakdown or from oral absorption or iron that is 
injected parenterally. When a relatively small dose of iron is given in- 
travenously to a normal mature animal, this can be incorporated into the 
pool. Most of the injected iron appears in the red blood cells in about 10 
days. On the other hand, if a large dose of radioactive iron is given, the 
iron needs for hemoglobin formation and the capacity of the pool are ex- 
ceeded, and a portion of the iron will enter the stores. 

Very recently Ross,‘ using a different approach, has also arrived at the 
conclusion that a “metabolic pool’”’ of iron exists. 

Department of Medicine G. Rosert GREENBERG 


University of Utah School of Medicine MAaXweE.t M. WINTROBE 
Salt Lake City 


Received for publication, July 30, 1946 








4 Ross, J. F., Proc. Am. Soc. Clin. Invest., 33 (1946). 





